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1. INTRODUCTION AND SUMMARY OF RESULTS

In recent years, technology developments for the fabrication of high-efficiency
solar cells have led to the demonstration of laboratory-type Si and GaAs cells having
air-mass-zero (AMO) power conversion efficiencies greater than 15 and 17 percent,
respectively. Achievement of significantly higher efficiencies for operation with the
spiace solar spectrum is becoming increasingly important to the Air Force as space
power supply performance requirements are increased and the need for weight and
cost reductions becomes more evident.

The highest achievable AMO efficiency for Si solar cells is expected to be in the
16-19 percent range, and the highest efficiency for GaAs cells is expected to be
approximately 20-22 percent. Thus, the achievement of solar cell conversion effi-
ciencies greater than 25 percent will require a combination of semiconductor mate-
rials processed in some manner such that the resulting devices will have a broader
response to the space solar spectrum than that of any of the simple (single-junction)
cells. Itis anticipated that such a device, in its simplest form, will be monolithic
and consist of at least two sub-cell structures of differing bandgap energy connected
electrically in series.

The program described in this report is directed toward such a development.

This section of the report describes the basic technical concepts involved,
defines the program objectives, outlines the general technical approach employed,
and gives a summary of the principal technical results achieved in the first phase
(14 months) of the contract.

Section 2 outlines the program plan and schedule followed during the first 14
months of the contract, defines the specific technical tasks that constitute the pro-
] gram, and contains a detailed discussion of the technical activities of Phase 1 and of
the results achieved in the period covered by this report.

Section 3 contains a brief discussion of the results and of the conclusions
reached therefrom, with recommendations for continued work in Phase 2 of the
contract.

Section 4 lists the technical references used throughout the report.

1.1 TECHNICAL CONCEPTS

The GaAs solar cell - whatever specific configuration is involved - is believed
to offer the highest ultimate AMO conversion efficiency of all of the single-component
photovoltaic cells developed to the present time, based both on theoretical analyses i
of the photovoltaic effect at potential barriers in semiconductor materials and on the
present state of development of the respective material technologies. However, the
prospect of a dramatic increase in cell operating efficiency, even with respect to the
present high value of ~19 percent (AMO0, 28°C) achieved in the best single-crystal i
GaAs cells, is offered by the concept of the tandem multiple~-bandgap solar cell. q‘

1 i

. OO




IFheoretical analyses by various investigators (Refs 1, 2y have shown that the
maximum conversion efficiency for the solar spectrum that can be expected from any
one p-n junction type of photovoltuic cell operating at its maximum power point
rat ~25°C 18 in the 20 to 25 percent range, the specific theoretical maximum depend-
ing primarily upon the bandgap energy kg of the particulur semiconductor involved.
Analvses of the projected performance of Si and GaAs solar cells under AMO illumi-
nation indicate expected maximum solar conversion efficiencies of about 19 percent
for Si and perhaps up to 22 percent for GaAs, with all controllable parameters
optimized,

Concentration of sunlight to produce illumination of increased intensity is one
method of achieving increased electrical power output per umt area of solar cell
surface, However, the approach to more efficient use of the solar spectrum that is
addressed in this program is hased on the fact that a photovoltaic cell has two major
limitations on its ability to convert the incident solar photons, each of energy hy,
into hole-electron pairs thut can subsequently be separated, collected, and delivered
to an external load. The first is that only those absorbed photons of energv greater
than the bandgap energy F g van produce band-to-band excitation in the semiconductor
and thus separation of ch: u’gcq and possible delivery to the load. The second is that
all photon energy in excess of the bandgap enereyv Fg - that is, all of the energy
bevond that required to produce u single hole-electron pair ~ is dissipated internallv
as heat in the device.

The most efficient response of u p-n junction cell is to photons of energy just
exceeding the bandgap energy, so if two or more solar cells of differing bandgap
energyv (and thus of different composition) could be arranged appropriately to share
the solur spectrum, with each operating on that portion of the spectrum to which it is
most responsive, a combination converter of overall power efficiency exceeding that
of the individual cells used separately in the full solur spectrum could he realized,
This concept is not new, having been first proposed by Jackson (Ref 3y in 1935 and
eximined by various workers at intervals since that time (Refs 1, 3.

There are two principal embodiments of this concept,  One involves interposing
dichroic mirrors or filters (i.e., beam splitters) in the incident beam of solur radi-
ation so that selected radiation of a portion of the spectrum is diverted to a solar
cell whose properties (mainly bandgap energy By allow it to muke relatively effi-~
cient use of that selected band of radiation, while allowing the remainder of the
spectrum to pass on to a second filter/mirror, which again selects a portion of the
spectrum to direct onto a second cell of handgap energy Fg2, while transmitting the
remainder to a third cell (or a third filter/mirror,, and so on,

The other modification of the multiple-cell concept - and the one with potential
major impact on space applications - is shown schematically in Figure 1. 1t can now
he seriously considered for practical applications primarily because of the remark-
able progress made in thin-film photovoltaie material technologies in the past several
years. It involves two or more solar cells of differing composition (and thus differ-
ing bandgap energies) used optically in series, in a tandem or stacked arrangement.
The cell of largest bandgap energy E g1 receives the full solar spectrum incident on
its front surface, generating charge pairs from the energy of the absorbed photons of
energy greater than Eg1 and transmitting the radiation of energy < Eg1 on to the
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Figure 1. Schemitic Representation of Stacked
Multipte-bandgap Solar Cell

second cell, of bandgap g2, which utilizes the narrowed band of energies to gener-
ate photovoltage and photocurrent consistent with its photovoltaic properties and
transmits the remaining radiation of energy < kg» on to the third cell, if used, and
SO 0on,

Although simple 1n concept, the stacked multiple-bandgap solar cell (SMBSC)
involves difficult material problems and design and fabrication complexities. A
mijor problem to be solved is the question of the design of the interface between the
back side of the first component and the front side of the cell next in line in the stuck.
Should the photon-generated current of each cell be extracted separately, as shown
in Figure 1, or should the electrical contact be made simply a series connection,
with the current leaving the first cell entering the second cell directly — conceptually
the simplest structure, and shown in Figure 272 In the latter instance it becomes
necessary to match photocurrents of the two adjoining cells at their operating points
inot the short-circuit currents), and this requirement alone is accompanied by major
difficulties of both material selection and interface design. However, this arrange-
ment is by far the more attractive, since it makes maximum use of the compactness
and fabrication advantages of monolithic thin-film semiconductor technologies.

Simplified theoretical models of SMBSC configurations can give rise to a vari-
oty of possible cell combinations (more correctly, possible combinations of bandgap
energies) that appear to offer very attractive combined conversion efficiencies - some
approaching the probable theoretical upper limit of 10 to 50 percent for solar conver-
sion efficiency for a semiconductor-hased converter system having 10 loss of the
excess photon energv (Ref 6),
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Figure 2. Schematic Representation of SMBSC Configuration Involving
Both Electrical and Optical Series Arrangement.

More accurate models of such configurations, however, result in relatively few
combinations of either two-~ or three-cell systems that meet design requirements yet
represent material composites that are compatible and fabricatable by presently
known technologies. Table 1 shows a summary of the results of preliminary model-
ing of SMBSC assemblies of the type shown in Figure 2 at Rockwell, using the basic
principles that must be applied to the SBMSC concept. Individual cells that compose
the two-cell, three-cell, or four-cell stacks are identified by the bandgap energy of
the active cell material. The 1.42eV cell involved in each of the combinations listed
is the GaAs cell, a point of special significance to be discussed below,

The table gives bcth theoretical conversion efficiencies for the various combi-
nations, based on idealized junction characteristics and no current collection losses,
and realistic projections of efficiencies that could be expected in practical assemblies
after adequate development of the particular structures involved, based on empirical
data obtained with experimental high-efficiency thin-film GaAs solar cells. The pos-
sibility of achieving efficiencies of over 25 percent - possibly greater than 30 percent
- is evident from these data, provided the required materials and device technology
problems can be adequately solved,




Table 1., Calculated Ideal and Expected AMO0 Efficiencies
for SMBSC Combinations with Two,
Three, or Four Cells

Etficiency (%)
Two Cells Thres Cells Four Cells
1deal Expected || ideal Expected [} Ideal Expected | Idesl Expected
n n n n L] n n n
Bandgap Energy

20V 20.0 148 20.0 14.9 20.0 14.9
1.42eV
(GaAs) 26.4 19.8 13.0 8.7 13.0 9.7 130 8.7
1.0eV 78 5.6 78 5.6
0.8V 158 49 35 23
Combined 1 338 4.7 330 l 246 40.8 30.2 448 325

1.2 PROGRAM OBJECTIVES

The overall objective of this program is to develop the necessary technology
to fabricate solar cell assemblies having greater than 25 percent power conversion
efficiencies at 25°C under space-sunlight illumination of one-sun intensity (AMO,
~135 mw/cm?2),

To achieve this overall objective the following specific technical objectives
were defined at the start of the program:

1. Develop and apply rigorous analytical modeling techniques for predicting 4
the performance of SBMSC structures under AMO operation.

2. Identify and prepare suitable semiconductor, electrical contact, and anti-
reflection (AR) coating materials for use in fabricating SMBSC structures
involving four (or more) different combinations of semiconductor materials
and ‘or fabrication techniques.

3. Demonstrate and develop an optimized fabrication technology capable of
producing large-area (at least 2x2 cm) SMBSC structures exhibiting the
gpecified performance characteristics.

4, Utilize the selected technology for the fabrication of 2x2 cm stacked
multiple-bandgap cell assemblies.

5. Test and document the photovoltaic performance and certain radiation
damage properties of the fabricated cell assemblies.

The general technical approach used to pursue these objectives is described
below.




1.3 GENERAL TECHNICAL APPROACH AND PROGRAM RATIONALE

To pursue the contract objectives and to meet the contractual requirements of
1) investigating four different semiconductor material combinations that can be used
for fabricating SMBSC structures and 2) fabricating and delivering 100 solar cell
assemblies at the conclusion of the prescribed 24-month experimental performance
period (14-month first phase and 10-month second phase), a program involving a
combination of analytical modeling and experimental investigations was undertaken.

The program was designed to carry a broad experimental development effort
as far as possible before selection of one SMBSC design and fabrication technology
for further optimization and subsequent use in preparation of the deliverable cells.
The initial development effort necessarily involved fabrication of working device
structures in addition to the analytical modeling and the materials investigations.
Further, since the technologies involved in SMBSC systems are complex individually
and - in most cases - not fully developed in the specific configurations required for
the program, significant additional development to integrate the various processes
and procedures into a single fabrication technology for preparation of the deliverable
assemblies will be required after selection of the identified combination.

The program was based on the following rationale:

1. Semiconductor thin-film technologies that are long-standing specialties of
Rockwell ERC - the metalorganic chemical vapor deposition (MO-CVD)
process and the liquid-phase epitaxy (LPE) process - are both well-suited
to the SMBSC concept.

2. Composite cell modeling and analysis and the experimental development of
the identified SMBSC materials combinations should proceed concurrently,
with each activity assisting the other.

3. A conservative approach, beginning with two relatively simple two-cell
SMBSC combinations involving materials systems with which Rockwell has
extensive experience, offers a good chance of early demonstration of a
working SMBSC combination at least approaching the program goal of
25 percent overall efficiency.

4, Three-cell (and four-cell) SMBSC combinations to be investigated should be
extensions of (and be built upon) the simpler two-cell systems to be investi-
gated and developed first.

Upon consideration of the properties of candidate photovoltaic materials, the
available substrate materials, contact materials and interface problems, and the
present maturity and anticipated growth of the various material technologies, the
GaAfAs/GaAs material system was selected as the basic building block for develop-
ment of the SMBSC. This material system has been highly developed at Rockwell,
with hoth the MO-CVD technique and the LPE process. The MO-CVD process, in
particular, is adaptable to large-scale large-area device production even for struc-
tures as complicated as the SMBSC,




The four materials combinations selected for investigation are shown in
Table 2. Two of the four materials combinations are two-cell systems and two are
three-cell systems that can be expanded to four-cell systems. Table 2 indicates
the approximate bandgap energies of the individual cells as well as the film growth
technique emphasized in their preparation. All combinations were intended for study
at a level of effort such that sufficient information on their device performance as
SMBSC's would be obtained by the end of the fourteenth contract month to permit
selection of the SMBS( technologies for further development and for fabrication of
the deliverable devices at the end of the second phase of the contract.

Table 2, Combinations of Materials and Film-growth Techniques
Selected for Initial Development in Phase 1 of Program

SMBSC Approximate Bandgap Energy Principal -
Type 2.0eV* 1.4eV 1.0eV 0.7eV Process

1. 2-Cell GaA(As/GaAs Ge MO-CVD

2. 2-Cell GaACAs/GaAs 1nP/InGaAs LPE

3. 3-Cell GaAwAs GaA(As/GaAs GaALAsSb/GaAsSb MO0-CVD

4. 3-Cell GaA\As GaAKAs/GaAs InP/InGaAsP LPE

*InGaP identified as possible alternate 2.0V material (both MO-CVD and LPE)

1.4 SUMMARY OF PRINCIPAL RESULTS

The 14-month Phase 1 program involved work in seven main task areas, listed
and defined in Section 2 of this report.

b xtensive experimental investigation of candidate SMBSC materials systems
together with backup analytical modeling led to the successful achievement of a
two-cell SMBSC structure in which the two individual cells and the connecting tunnel
junction were grown entirely by MO-CV D techniques and which exhibited voltage
addition (Vo =~ 2,1V) under illumination, This achievement together with other
results of significance obtained in the Phase 1 program are summarized in this
section. A more detailed task-by-task summary is given in Section 3, and full
details of the investigations are given in Section 2.

The program was conducted for the purpose of developing the technologies
necessary for fabricating stacked multiple-bandgap solar cell assemblies having
AMO 1-sun efficiencies of 25 percent or greater at 25°C. The terms of the contract
required that four different semiconductor material combinations judged feasible
for use in fabricating SMBSC structures be investigated, so that a material com-
bination and its associated processing technologies could be selected at the end of
the 14-month program for use in fabricating 100 2 cm x 2 cm cell assemblies for
delivery at the conclusion of the 24-month two-phase contract.
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Accordingly, investigations were undertaken on the following SMBSC materials
systems, all of which involve the GaAl As-GaAs system as the basic building
block: 1) the two-cell GaAs-Ge structure, made by MO~CVD and conventional CVD
techniques; 2) the two-cell GaAs-InGaAs structure, using LPF methods; 3) the
three-cell GaAl As-GaAs-GaAsSb structure, employing MO-CV D methods; and
4) the three-cell GaAl¢ As-GaAs-InGaAsP structure, involving LPE methods.

After the program was under way, MBE techniques were incorporated into the
investigations of structures 1, 3, and 4 by mutual agreement of the Air Force and
Rockwell. Late in the program, with three months of Phase 1 remaining, a change
in program emphasis was introduced by the Air Force to limit the investigations
to GaAl As-GaAs and GaAs-Ge two-cell structures and the possible GaA?As-GaAs-Ge
three-cell assembly that might also result. Primary emphasis was to be on the
MO-CV D technique, supplemented — when appropriate —by MBE, LPE, or other
deposition and/or processing methods.

The best results were achieved with the two-cell GaA/ As~-GaAs structure
made entirely by MO-CV D, although similar structures made by a combination of
MO-CVD and MBE techniques appeared quite promising, Two-cell GaAs-Ge
assemblies, made by a combination of MO-CV D and conventional CVD methods or
by combined MO-CVD and MBE techniques, were not as successful, although
theoretically capable of essentially the same overall efficiency (up to ~25 percent)
as the GaAl As-GaAs tandem structure. No attempt was made during the Phase 1
program to prepare a three-cell GaAfl As-GaAs-Ge stacked assembly. The other
materials combinations included in the original program received considerably less
attention during the investigations, and correspondingly less progress toward the
program goals was made with those structures.

The investigation of the three-cell GaAl As~-GaAs-GaAsSb tandem structure
received major program emphasis, and within that investigation, the GaAf As-GaAs
two-cell SMBSC was extensively developed. Although exclusively MO-CVD tech-
niques were originally expected to be invoived, MBE methods were also applied
beginning part way through the program. The principal developments required
were satisfactory GaAl As large-bandgap (1.8-2.0 eV) cells and conducting (pre-
sumably tunneling) junctions in GaA{ As and/or GaAs (with the former preferred)
to provide the non-rectifying connecting layer between cells of the SMBSC. The
GaAsSb materials system was investigated briefly using LPE techniques (see below),
but MO-CVD studies with these materials had not been undertaken prior to the time
at which the program emphasis was changed.

Window-type alloy cell structures were grown by MO-CVD on ntGaAs:Si and
n*GaAs:Te substrates with typical configurations pGaj._ ARyAs/pGal_yAﬂxAs/
nGaj.xAl As (y 2 0.8, x =0.2-0.4), in some cases with a‘thin ptGaAs:Zn cap
layer on top to facilitate contacting the p layer of the cell. Deposition temperatures
ranged from 700 to 800°C, with 750°C the most common. Most cells were
0.5 cm x 0.5 cm, although small mesa cells were processed in some cases.

Cell response appeared to improve generally with increasing deposition tem-
perature, and active layer compositions of x = 0.24-0,30 seemed preferable. The
best cell parameters observed were in a structure grown at ~750°C with y = 0.8 and
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X=0.24: Vg =0.96V, Jg. = 12.0 mA/cm2, fill factor = 0.63, and 7 = 5.4 percent
(AMO, no AR coating). Spectral response measurements showed that reduced
short-wavelength response was the cause of the relatively small Jg, values obtained,
and it appeared that poor current collection efficiency (i.e., short minority-carrier
diffusion lengths) in the p-type junction layer most likely caused the reduced
short-wavelength response.

Further studies of a variety of alloy cell configurations indicated that,
although V. increased as the Al content of the junction layer increased, the V.
values were always appreciably less than theoretically expected values except for
very low A/ content (x < 0.10); highest V4, values found were ~1.1V for cells
with x = 0.35. The Jg. values were found to depend on Al content and thickness
of the window layer as well as the junction layers. Junction depths <0.7 um were
clearly preferred, with thicker layers causing reductions in Jg, — consistent with
minority-carrier diffusion lengths < 0.5 pm. Window layer compositions with
y = 0.9 allowed better blue response and higher Jg, values than those with y = 0.8,
and window layer thicknesses <8004 were preferred.

Most cells had Jg values < 6 mA/cm? (AMO, no AR coating) irrespective of
design; fill factors typically ranged from 0.60 to 0.76 and efficiencies were generally
< 4 percent (AMO, no AR coating). Thus, as of the end of the Phase 1 program the
performance of the GaA{ As cells still requires considerable improvement, so
continued emphasis is expected in Phase 2,

Several attempts were made to achieve tunneling properties in GaAl As junction
structures grown by MO-CVD, beginning early in the program. Both n*/p* and
p*/n" junction structures with Gaj_yAf As compositions of y = 0.08 to y = 0.37
were grown at temperatures of 700 and 750°C, but at best only weak tunneling was
observed. Although the emphasis in the remainder of Phase 1 was on tunnel junc-
tion structures in GaAs (see below), it is expected that further effort will be
devoted to achieving tunneling structures in the alloy in the Phase 2 program since
that configuration is preferred in terms of overall performance of the stacked
assemblies.

Good tunnel-junction intercell connecting structures were made in GaAs by
both MO-CVD and MBE techniques. Both nt/p* and p*/n* structures were made
by MO-CVD at temperatures from 630 to 750°C, with better results obtained at
< 6500C, as shown in Figure 3. Very high (essentially ohmic) junction conductivity
was achieved in some of the structures — especially in n*/p* structures — more than
adequate for use as an intercell connection under 1-sun AMO conditions. Preliminary
annealing tests indicated that the tunneling characteristics might not survive subse-
quent elevated temperature processing requir ed for growth of the top cell in a
stacked assembly because of diffusion of the Zn dopant in the ptGaAs, but n*/p*
structures grown in GaAs at 630°C were used in the first successful two-cell
GaAfl As-GaAs SMBSC described below., However, the still-open question about
the consistent stability of these structures at high temperatures requires further
investigation in the Phase 2 program.




Figure 3. Tunneling I-V Characteristic for 25x25 mil Mesa Diode
in ptGaAs:Zn/n*GaAs:Se Epitaxial Structure Grown by
MO-CVD on nGaAs:Si Substrate at 650°C,

An alternative solution was provided by the use of ptGaAs layers grown by
MBE and doped with Be, a slow-diffusing impurity. A hybrid n*/p* tunnel junction
structure, involving n*GaAs:Se grown by MO-CVD at 630°C and p*GaAs:Be formed
by MBE on a GaAs:Cr substrate exhibited reasonable tunneling properties, and ]
all-MBE structures consisting of n¥GaAs:Sn/p* GaAs:Be deposited at ~540°C '
exhibited essentially ohmic conducting behavior. Both structures appeared to
maintain tunneling properties after high-temperature cycling typical of that
required for growth of the top cell in a stacked assembly.

GaAs heteroface cells were made by both MO-CVD and MBE techniques. The
cells made by MO-CV D on GaAs substrates early in the program were not up to
previous performance standards, but results gradually improved to the point that
cells with V_, = 0.97V, Jg¢ = 20 mA/cm?2, fill factor ~0.8, and 7 = 11,5 percent
(AMO, no Aﬁ coating) were being made. A very high degree of uniformity of cell
performance over the area of 2 cm x 4 cm substrates was realized, demonstrating
one of the major strengths of the MO-CVD process. Deposition temperatures of
700-750°C, window layer thicknesses of 500-8OOA, and p-layer thicknesses
< 0.75 pm were found preferable. Heteroface cells made by MBE on GaAs substrates
were of generally good quality, the best results being Vo = 0,94V,

Jge = 17.2 mA/cm2, fill factor = 0,84, and n = 10.1 percent (AMO, no AR coating).
Relatively little development effort was expended on the MBF-grown GaAs cells,
however.
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Two-cell GaAl As~-GaAs SMBSC's were fabricated and tested ppproximately
midway through the program, as soon as evidence of tunneling in n™/p* structures
in GaAs had been observed, Although the structures were made with the connecting
n*/p* junction structure both in GaAs and in GaA!As, only the former exhibited
adequate tunneling properties. The successful configuration was GaAl As cell/
GaAs n*-p? junction/GaAs cell grown by MO-CVD on an nGaAs:Si substrate. Best
results were obtained with the structure shown in Figure 4. Growth temperatures
were 750, 630, and 700°C for the alloy cell, the tunneling junction, and the GaAs cell,
respectively.

Under tungsten lamp illumination this SMBSC exhibited a V. of ~2.1V and a
Jgc of ~4.5 mA/cm2; the I-V curves are shown in Figure 5. This represents the
first successful achievement of a stacked cell grown completely by a vapor-phase
process and exhibiting voltage addition. The V. value is believed to be the highest
achieved up to that time for a stacked cell grown by any process. It appeared that
the Gag, 7Alg_3As cell in this structure was probably the limiting component in the
performance of the stacked assembly, preventing higher photocurrents from being
collected and thus better overall performance from being achieved.

At the end of Phase 1 several additional two-cell GaAl As-GaAs SMBSC's
were prepared with the alloy cell grown at higher temperatures (775 and 800°C) and
others grown at 7500C but with greatly reduced thicknesses (~100A) in each of the
tunnel junction layers. The intended improvements were not achieved, however,
so work with the GaA? As-GaAs tandem structure must be continued into Phase 2
in order to realize the expected performance with this materials combination.

0" Gag HALg gAs:Zn ~1000A WINDOW LAYER (TOP CELL)
pGao 7Ak'0 3As:2n ~0.75um 1
) i ! 1.8eV ALLOY CELL
nGaO.7Al0.3As:Se ~2.5um
+ . ~
n GaAsiSe 0.4um 1_ CONNECTING TUNNEL
IN GaA
p+GaAs:Zn ~0.4um JUNCTION GaAs
J
pGag 7ALg 5As:Zn ~0.5um WINDOW LAYER (BOTTOM CELL)
A
pGaAs:Zn ~1.0um
t 1.4eV GaAs CELL
nGaAs:Se ~4 Oum )

579/9{36%}///////4 SUBSTRATE

Figure 4. Configuration of Two-cell GaA?As-GaAs SMBSC for which
Voltage Addition was Observed under Mlumination
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Figure 5. Dark and Illuminated (microscope lamp) I-V
Curves for Two-cell SMBSC Grown Entirely by
MO-CVD on GaAs:Si Substrate, with
Gag_7A 0.3As Cell and GaAs Cell
Connected by Intermediate n*-p*

Junction in GaAs.

Considerable attention was also given the two-cell GaAs-Ge SMBSC structure,
the GaAs heteroface cells again to be made by MO-CVD and MBE techniques, Ge cells
by CVD and MBE techniques, and connecting tunnel-junction structures in G:.As by
MO-CVD and MBE, both singly and in combination. Two possible SMBSC cun-
figurations were considered, one involving an ntGaAs substrate and the other
involving an n*Ge substrate, with the latter being preferred and thus receiving
the major emphasis. Combining of the individual components into a functioning
two-cell stacked assembly was accomplished later in Phase 1, but performance
characteristics were not fully established.

The status of GaAs heteroface cell growth on GaAs substrates is discussed
above. It was found that GaAs heteroface cells grown by MO-CVD on Ge substrates,
however, had higher leakage currents, reduced Jg, values, generally poorer
photovoltaic performance, and less uniformity of cell properties over the area
of a large substrate, even when the Ge substrate was covered with ~1000A of 5109
to reduce interactions. Best cell properties were typically Voo = 0.96-0. 98,

Jgc = 16-17 mA/em?2, fill factor = 0.70-0.75, and 1 = 8-9 percent (AMO, no AR
coating). There was some evidence that a non-standard pre-deposition procedure,
involving Ge substrate exposure to AsHg for only a few seconds before GaAs deposi-
tion commenced, produced a less defective interface region and somewhat better

12




cell performance. Modifications in cell layer dimensions and doping impurity
concentrations and improved Ge substrate quality are expected to result in con-
siderably better GaAs cell performance in future work with this material
combination,

In addition to the heteroface GaAs cells grown by MBE on GaAs substrates
(mentioned above), junction structures were also grown on Ge substrates by this
technique. Although the layers were of high quality it appeared that heterojunctions
had also been formed, unintentionally, at the GaAs-Ge interface. Since relatively
little effort was devoted to MBE-grown GaAs cells on either GaAs or Ge substrates
in Phase 1, the work is expected to be expanded in the Phase 2 program.,

Ge solar cells were made by both CVD (GeHy pyrolysis in Hg) and MBE tech-
niques; some limited investigations were also conducted with spin-on oxide impurity
sources for producing diffused junction structures. Most of the cells were prepared
on Ge substrates, that being the preferred configuration for the SMBSC. Best CVD
quality was obtained at the upper end of the useful deposition temperature range
(~800°C) and with relatively high deposition rates (~0.7 um/min). However,
substrate stability can become a problem during long depositions at such tempera-
tures. The best CVD cell parameters, obtained with B-doped p layers and undoped
n-type layers on nGe substrates, were Vo = 190-200 mV, Jgo = 31-33 mA/cm2,
fill factor = 0.65, and n = ~3 percent (AMO, no AR coating). Much improved
results are expected with changes in cell layer thicknesses and doping concentrations
(especially the n layers) and in the cell contacting procedures; these changes are
planned for the Phase 2 program.

Ge cell structures were also made by MBE techniques, by depositing a layer
of As on p-type (100)Ge and subsequently diffusing the As into the Ge in situ at
appropriate temperatures. The resulting diffused-junction cells were not as good
as those made by CVD but were adequate for use in preparing experimental stacked
GaAs-Ge SMBSC structures using exclusively MBE techniques.

Experimental two-cell GaAs-Ge stacked assemblies were made entirely by
MBE techniques and by combined MO-CVD and MBE, late in the program. The
all-MBE structure appeared to contain a double heterojunction rather than the
intended structure; the hybrid structure, which involved an MO-CV D heteroface
GaAs cell grown at 750°C on an n*/ pt GaAs tunnel junction structure grown by
MO-CVD at 630°C on a diffused Ge cell structure formed by MBE techniques, was
not fully processed and evaluated prior to the end of the program. It is expected
that additional GaAs-Ge SMBSC's prepared by various combinations of CVD and
MBE techniques will be investigated in Phase 2.

Investigation of the two-cell GaAs-InGaAs SMBSC, to be prepared by LPE
methods on n*GaAs substrates, involved mainly the experimental growth of
InP layers on GaAs substrates (to provide the lattice-matched window for the
InGaAs cell) and of InGaAs layers on InP, in addition to an evaluation of
Al GaAsSb as an alternative materials system to InGaAs for the low-bandgap cell,

The LPE growth of ptInP layers on n*tGaAs substrates from both In and Sn sol-

vents was only partially successful. Acceptable growth on (111B)GaAs was achieved
with In solvent in a narrow temperature range around 520°C, and marginally
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acceptable growth on (100)GaAs was obtained with Sn solvent at higher temperatures
provided that large vertical temperature gradients were maintained across the
liquid-solid growth interface to minimize etch~back. However, high densities

of inclusions persisted at the interface, so these structures were not satisfactory
for stacked cell configurations. Consequently, InP layers grown on GaAs substrates
by MO-CVD were separately prepared for the subsequent LPE growth experiments
with InGaAs.

Initial LPE growth experiments with the InGaAs composition lattice~-matched
to InP were done with single-crystal (111B)InP substrates. Junction structures of
pInGaAs:Zn/nInGaAs (undoped) were grown, and despite some problems in making
ohmic contacts cell structures were fabricated and characterized; low current
collection efficiency, junction movement due to Zn diffusion, and possible formation
of an InP-InGaAs heterojunction resulted in generally poor performance. When
thicker undoped single layers were grown at lower temperatures (~630°C), with
slight substrate etchback allowed prior to growth, an n-type layer of composition
Ing, 53Gag, 47As (Eg =~ 0.7 eV) resulted and a junction was formed in it by Zn
out-diffusion from the p* substrate.

Solar cells exhibited Vo values <0.1V and Jg¢ values of ~16 mA/cm2 (AM1,
no AR coating). The low V. values were attributed to large reverse saturation
currents and poor diode factors, and there was again some indication of a possible
heterojunction at the InP-InGaAs interface. Subsequent preliminary experiments
with the MO-CVD InP/GaAs composite substrates resulted in discontinuous layers
and poor melt wipeoff, but the experiments were not continued because of the
change in program emphasis that became effective at that time.

Some attention was also given to A/GaAsSb as an alternative small-bandgap
cell material. Window-type cell structures were grown on n-type single-crystal
GaSb substrates by LPE with the configuration pGagy, 7A{g 3AsSb/pGasSb (undoped)/
nGaSb (substrate), but poor photovoltaic properties (especially fill factor and
short-wavelength response) were obtained. Modified structures, with improved
contacts to reduce series resistance and thinner pGaSb layers to improve short-
wavelength response, were then prepared with the configuration p™Gag, 1Al 3AsSb/
pGag, 9AL 15b/nGaSb (substrate). Addition of Al to the GaSb p layer reduced the
layer growth rate, so that shorter deposition times (~1 min at ~520°C) permitted
growth of p layers that were 2-3 pm thick.

These changes allowed attainment of cells with the parameters V5. = 0.240V,
Jgc = 29 mA/cmZ, fill factor = 0.51, and n ~ 3.5 percent (AM1, no AR coating).
Junction leakage and series resistance remained as problems, but the results were
sufficiently encouraging to prompt a brief investigation of various contact materials
for both p-type and n-type GaSb to attempt to reduce series resistances losses.
Pure Au contacts were found best for both conductivity types. Several additional
cell structures, including some with higher A{ composition (~0,7) in the window
layer, were subsequently prepared, but the investigations were not carried further.

The study of the three-cell LPE-grown GaAlAs-GaAs-InGaAsP SMBSC assem-
bly using n*GaAs single-crystal substrates involved two main areas of investigation ~
LPE growth of 2.0 eV GaAl As cell structures on GaAs surfaces and LPE growth
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of 1.0 eV InGaAsP layers. Existing well-established methods for LPE growth
of GaAs cells provided the third major cell technology needed for this SMBSC. The
GaAs (or GaAl As) tunnel junctions and InP/GaAs tunneling heterojunctions made by
either LPE or MBE techniques would provide the needed cell interconnections.

Window-type alloy cell structures were grown by LPE on n*GaAs substrates
with the configuration p*Gag_1A¢q_ 9As/pGag, 7A¢,3As/nGag 7A7y 3As. Some
experimental n*/p* alloy structures were also grown, but incomplete wipeoff in the
LPE boat resulted in cross-contamination of the melts and unsatisfactory structures.
A special LPE boat was then designed, and fabrication was completed by an outside
vendor several months later. Modified LPE growth procedures were developed
for use with the new boat, and several types of alloy cell structures were prepared.

Complete small-area window-type cells were fabricated both by conventional
processing and by processing that involved Zn diffusion into the window layer.
Window-layer A{ contents were in the range y = 0, 8-0.9 and junction layer Al
contents x = 0.2-0.4, The cells generally had good fill factors (typically 0.7-0.8)
but relatively low V., and Jg. values. Spectral response curves showed poor
utilization of the short~wavelength illumination, indicating needed changes in window
layer thickness and junction layer thickness and Al content.

Some additional alloy cells were prepared near the end of Phase 1, including
several in which only a p-type active layer and a p-type window layer were deposited
in succession by LPE on an nTGaAs substrate, followed by Zn diffusion through the
window layer and the p layer to produce the active p-n junction just inside the
substrate. However, it was found difficult to control the diffused junction depth.

The cells grown and processed by conventional procedures were somewhat better;
Jgc values up to 8.5 mA/cm?2 and efficiencies up to 4.6 percent (AMO, no AR coating)
were obtained. Open-circuit voltages (~1.0V) and fill factors (~0.75) were about

the same for both types of cell.

Limited investigation of the LPE growth of InGaAsP for the 1.0 eV bandgap
cell was also undertaken. Multilayer structures of the configuration pInP/
pInGaAsP/nInGaAsP/nInP were grown on n* InP substrates. Analysis showed
the quaternary layers had the composition Ing 75Gag_ 95As0, 5Pg, 5, indicating
a bandgap of ~1 eV and a lattice match to InP, but photoresponse measurements
showed cutoff at the InP band edge. This was believed caused by Zn dopant diffusion
from the two upper layers into the ninP buffer layer, shifting the active junction
to that location. The study of this quaternary was not carried further in Phase 1.

Cell modeling and analysis studies in the Phase 1 program showed that only
limited response is achievable for a Ge cell in the wavelength region beyond the
direct bandgap (A > 1.5 um), even for a thick wafer-based cell, but that use of a
back-surface field considerably enhances the response of a thin (i.e., all deposited
film) cell in the region 0.9 A < 1.5 um,.

The studies also led to estimates of ~0.5 pm for the minority-carrier diffusion
lengths in the p-type junction layers of heteroface GaAf As alloy cells, through
comparison of modeled spectral photoresponse with experimentally determined
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responses of MO-CVD and LPE cell structures. Similar matching of modeled and
measured spectral photoresponses for thin-window GaAs cells, especially those
made by MBE techniques, was undertaken and led to the conclusion that specific
reflectivity measurements must be made for GaAs cells having GaAf As window
layers if correct internal photoresponse curves are to be obtained.

Analytical techniques were also applied to the development of an algorithm
that provides the design parameters for n-layer (n > 3) antireflection coatings for
use on SMBSC assemblies, which have spectral ranges broader than those of any
of the component cells involved. Three-layer coating designs for two-, three-,
and four-cell assemblies were developed using MgFy or CaFg for the top layer,
8iO, for the middle layer, and TagOs5 or TiO, for the bottom layer. No experi-
mental development of the coatings was undertaken in Phase 1, however.
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2. DETAILED DISCUSSION OF RESULTS

This section contains detailed descriptions of the technical activities and the
results achieved during the 14-month Phase 1 program. The discussion is arranged
in order by technical task, with one exception noted below,

Pursuit of the Phase 1 program objectives specified in Section 1,2 was accom-
plished by means of seven main technical tasks, as follows:

1. SMBSC Modeling and Analysis

2. GaAs-Ge SMBSC Technology Development

3. GaAs-InGaAs SMBSC Technology Development

4. GaAfAs (2.0eV)-GaAs~-GaAsSb SMBSC Technology Development

5. GaAlAs (2.0eV)-GaAs-InGaAsP SMBSC Technology Development

6. Characterization of Materials and Photovoltaic Devices

7. Development of AR Coating Technology.

The work of the first six tasks was planned to begin in the first month of the contract;
the activity of Task 7 was scheduled to commence in the seventh month of the pro-
gram.

Task 1 and Task 7 were carried out primarily at the Rockwell Thousand Oaks
laboratories. Tasks 3 and 5 were planned to involve application of LPE techniques
and thus were also pursued at the Thousand Oaks facility.

Tasks 2 and 4 involved use of the MO~CVD technique and thus were centered at
the Anaheim laboratories of the Rockwell Electronics Research Center. The mate-
rials and device characterization work of Task 6 was carried out at both laboratories
throughout the Phase 1 program.

Following a contract program progress review meeting held at the end of the
eleventh month of the contract a change in program emphasis was agreed upon for
the remaining three months of Phase 1. Experimental results achieved in the pro~
gram up to that time, as well as related experimental results being achieved in
other programs at Rockwell at the same time, prompted the following modified
approach for Phase 1:

1. The progrum effort was to be limited to GaAfAs-GaAs, GaAs-Ge, and
GaAfAs-GaAs-Ge stacked multiple-bandgap solar cell systems.

2. There was to be greatly increased emphasis on the MO-CVD technique
for making these structures.
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3. Other deposition and processing techniques were to be used in certain
hybrid combinations to augment CVD when it appeared that doing so would
improve the chances of achieving the program goals; those other techniques
might include LPE, molecular beam epitaxy (MBE), thermal diffusion, or
ion implantation,

Thus, effective at the start of the twelfth month of the PPhuse 1 program the
vontract work emphasized only the GaAfAs-GaAs~Ge materials system and the
two~cell and three~cell stacked assemblies that can be made in that system. The
emphasis was on use of CVD techniques, especially MO-CVD, although other growth
and processing methods (LPE, MBE) were utilized to supplement the CV'DD methods.

The activities and the results associated with these tusks are described in the
following discussions, arranged by task except for the work of Task 6 (Characteriza-
tion of Materials and Photovoltaic Devices), which is included as appropriate in
the other task discussions.

2.1 SMBSC MODELING AND ANALYSIS

Because of the complexity of SMBSC structures and the fact that there was
little experimental information prior to the start of this program on the behavior
of individual solar cells used in monolithic tandem assemblies, it was very
important to provide some guidance for the experimental investigations by means
of analytical modeling of the structures involved, 1

Considerable previous work had been done at Rockwell on the modeling of
GaAs solar cell performance both for normal one-sun illumination intensities and
for high-concentration (multiple-sun) illumination conditions, Those analyses
utilized theoretical expressions that were strengthened with actual cell performance
parameters obtained with a variety of experimental cell structures,

The requirement that the individual cells connected in tandem in the SMBSC
structure must share a common current — that is, that the photogenerated current
of each cell at its operating point when used in the stacked assembly must match
that of every other cell in the SMBSC — places very stringent limitations on the
composition, the design, and the photovoltaic properties of these cells, This
makes it essential to understand and control the properties of the individual cells
in detail, Accurate analytical modeling of both individual and stacked cell per-
formance can assist in achieving this needed understanding and control, and can
often prevent the conduct of unnecessary or superficial experiments and provide
guidance to the really essential ones, .

Similarly, the AR coating requirements of a tandem cell assembly will be
different from those of, for example, the uppermost cell in the stack if it were
used individually in its more restricted spectral range. Analytical modeling can
provide the data required to develop a satisfactory broad-band AR coating for
SMBSC structures of various configurations,

Thus, this task was to include the generation of refinements in the existing
model used at Rockwell for solar cell performance analysis, incorporating experi-
mental data on the I-V characteristics of various photovoltaic junctions as well as
nonrectifying junctions, Application of the improved model was expected to lead
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to identification of candidate two-cell, three-cell, and four-cell SMBSC combinations
potentially useful and feasible for experimental studies. Calculations were also

to be made for the purpose of determining optimum materials properties, such as
doping levels and alloy compositions, and optimum physical design parameters,

such as electrical contacts and AR coatings, for the candidate SMBSC systems of
interest, The results of the modeling calculations were expected to strongly
influence the experimental program; it was intended that considerahle mutual
interaction between this task and the experimental investigations would occur,
particularly during the first six months of the program.

2,1,1 Multilayer AR Coating Design

One of the first problems to be examined in this task was that of AR coating
designs for SMBSC assemblies., Although the development of suitable AR coating
technologies would be done under Task 7 (Section 2. 6) the necessary modeling and
analysis for such development is part of this task.

The SMBSC structure requires the suppression of reflection from the surface
over a broad spectral range. The number of dielectric layers required and their
composition and thickness will depend on the cell material in the top layer and the
spectral bandwidth to be covered. For a two-cell system with GaAs as the top layer
the spectral bandwidth is 0.3-1.8um. For a three-cell system with GaAfAs or GalnP
as the top cell material the spectral bandwidth is 0.3-1.2um, and for a four-cell
system with GaAfAs or GalnP as the top cell material the bandwidth is again 0.3-1, 8pur

Because of the different optical reflectivity vs wavelength characteristics
for a given thin-film material when used in a stacked multilayer assembly relative
to its characteristics when used alone or on a substrate of identical composition it
was necessary to reevaluate the requirements for AR coatings for the materials
used in the SMBSC structures being developed in this program. Consequently,
preliminary consideration was given to those requirements by means of modeling
analysis of a two-layer AR coating for a GaAs surface over the broader wavelength
band of importance for a SMBSC, namely, the range from ~0, 3uym to ~1, §uym.

Attempts to extend the wavelength range of coverage of the existing two-layer
algorithm suggested that the covered spectral band could probably be expanded to
the interval 0,5~1, 7um wavelengths with less than 10 percent reflection at any one
wavelength and about 6 percent average loss throughout the band, with a high-
reflectivity (~13 percent) peak near the center of the band (at ~1.15um). However,
the reflection loss outside this band was found to be considerably higher, with an
especially steep increase in the reflectivity at the short-wavelength end of the band.
The preliminary calculations indicated that three or more layers would probably
overcome this problem, so attention was directed to development of an algorithm for
a multilayer AR coating of n layers, with n=3.

The resulting algorithm can be used with a given set of constraints to optimize
the values of independent variables using a generalized technique (Ref 7). In this
program it was used to optimize a three-~layer AR coating design. The materials
considered for the three layers were restricted to those commonly used for AR
coatings and readily handled experimentally — MgFo or CaF2 for the top layer,
8i0O2 for the middle layer, and TagOs5 or TiOg for the bottom layer (next to the
solar cell).
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Figure 6 shows the calculated reflection loss as a function of wavelength
for a three-layer design optimized for 0.3 to 1, 1um operation (three-cell system),
The average reflection loss for this case comes out to be 3.6 percent. Figure 7
shows a simular result for 0.3 to 1. 8um operation (two- or four-cell system), In
this case, the average reflection loss comes out to be 5, 4 percent, In both instances
the optimization was for minimum integrated reflection loss over the specified
spectral band.

In practice, however, it is necessary to optimize the short-circuit current or,
more accurately, the current at maximum power of the cell assembly. This
depends on the solar spectrum and the internal collection efficiencies of the solar
cells, When a simplified model for the cell collection efficiency was used with
the AMO spectral distribution, the optimized AR-coating design for the 0.3 to
1. 8um range (i.e., for two or four cells in the stack) came out as shown in
Figure 8, The overall reflection loss in this case reduces the short-circuit
current of the cell assembly by only 3. 8 percent. It should be noted that the peak
reflection loss in Figure 8 occurs near 0.4pm wavelength, while that in Figure 7
is at ~0, Tum, so the design of Figure 8 is a better match to the AMO spectrum.

These results demonstrate the power of the algorithm developed for obtaining
optimum AR coating designs. Final design calculations can be performed when-
ever the other pertinent experimental data on individual cell performances become
available later in the program.

2.1.2 Ge Solar Cells

Early in the program some preliminary calculations were carried out for Ge
solar cells to assist in determination of the required device parameters for the
0. 7eV cell to be used in the two-cell GaAs-Ge SMBSC to be made by MO-CVD
in Task 2,

The computer-plotted data of Figure 9 show calculated internal spectral
response curves for Ge p-n junction cells with (solid curve A) and without (solid
curve B) a back-surface field (BSF) created by the presence of an n*-n junction
at the back of the wafer-based cell structure., The specific device parameters
used in the calculations were as follows, with t = thickness, L = minority carrier
diffusion length, and s = surface recombination velocity:

Cell configuration (all Ge): p™*/p*/n/n*

Characteristics of

individual regions: pt*  t=500A, L, =5um, s = 10% cm/sec

+ t 104 cm/sec

p lym, Lj = 50pum, sj

n t = 300um
Substrate Lp =100 m, sp = 100 cm/sec for BSF

case and 109 cm/sec for ohmic
contact case
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Figure 9. Calculated Internal Photoresponse (charge collection efficiency)
for Ge Solar Cell of Specified Parameters
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The caleulated spectral response data for the individual layers of this cell
structure are also shown in the figure as plotted data points. It can be seen that even
with a base region (substrate wafer) that is 300um thick the cell response for energies
below the Ge direct bandgap (wavelengths greater than ~1, 5um) decreases quite rapidly,
Furthermore, the back~surface field does not increase the long-wavelength response
very much because of the very limited optical absorption in the region of the indirect
bandzap., To colliect photocurrent efficiently at wavelengths beyond 1.5um and up to
about 1.spm (corresponding to the indirect bhandgup of Ge) very thick Ge substrates
would be required, and not much help would be obtained from the back-surfuce field.
However, such a back-surface field can be used to advantage to enhance photocurrent
collection in very thin Ge cells in the region out to the direct-gap wavelength of
1.5um. This would be a significant improvement for u thin Ge cell made by an
epitaxial growth process on, for example, a GaAs substrate wafer. (See Section 2, 2,

The calculated spectral response curves for a thin epitaxial Ge cell (~6um
thickness) with and without the back-surface field from an n-n~ hack junction are
shown in Figure 10, The device parameters used in these calculations were as

follows :

Cell configuration p++/p+/n
4
® /p /n/n’ with back junction)

++ . _ 6
p region: t = 5004, L, = 5um, s =10 cm/sec

+ 4

p region: t = lgm, L =50um, s =10 cm/sec

n region: t = 5um, Lp = 100pym, s = 105 cem/sec for ohmic contact case

= 100 cm/sec for BSF case

A distinct improvement in spectral response between 0.9 and 1.5um is seen to result
from the presence of the back-surface field, which was assumed for this calculation to
result in a surface recombination velocity at the back surface of 100 cm/sec. The
back-surface recombination velocity can be related to the device parameters through

the following expression:

where s+ is the n-n" interface recombination velocity, Dpn+ is the diffusion constant
for holes in the n* region, N, is the electron concentration in the n region, Lpp+is
the hole diffusion length in the n* region, N,+ is the electron concentration in the n*
region, and wp+ is the thickness of the n* region. From this expression suitable
device parameters can be selected to result in a value of 100 cm/sec for the surface

recombination velocity.

An epitaxial Ge cell of such dimensions could be used as part of the two-cell
GaAs-Ge SMBSC configuration being developed in Task 2. The accuracy of the Ge
cell model can be further improved when experimental data on Ge cells fabricated
in the Task 2 effort become available and are incorporated into the model.
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Figure 10. Calculated Internal Photoresponse (charge collection efficiency)
for Thin Ge Solar Cell with and without Back-surface Field Associated
with n-nt Junction at Back of Cell

2.1.3 GaAfAs Heteroface Solar Cells

Late in the Phase 1 program detailed attention was given to the design of the
GaAfAs heteroface cell structures being prepared in the Task 4 effort, with
particular attention to the parameters of the junction layer (i.e., the active p-type
layer) of the p*Gag, 2420, 8As/pGagy_ 7A%y, 3As/nGag, 7ALy, 3As structures being
grown by the LPE process. (See Section 2,5.1,)

There was concern at the time over the probable values of minority-carrier
diffusion length that were being obtained in GaAf As heteroface cells made either by
LPE or by MO-CVD techniques; for the MO-CVD case, at least, it had appeared that
the Ly values were ~0.5um, lengths significantly lower than those typical of GaAs.
Because of the importance of designing cell junction depths to accommodate the
carrier diffusion lengths characteristic of the material involved, an attempt was made
to estimate the diffusion lengths being obtained in the LPE~grown alloy layers by
matching the experimentally obtained spectral response data to a predicted response
curve using the previously generated computer model for these cells along with
various measured and/or estimated cell parameters.
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This was done for an as-grown L.PL cell the experimental photoresponse curve
for which had been measured and corrected for illumination source spectrum and
(approximately) for surfuace reflectivity based on previous measurements on other
GaAfAs window layers, The result is shown in Iigure 11 and indicates that a
reasonably good match was obtained between modeled and measured (and corrected)
data, for the set of cell parameters used with the computer model of the cell. These
parameters are listed in Table 3.

It thus appears that minority carrier diffusion lengths in the n and p junction
layers probably were in the 0.5-0, 7Tum range for this L.PE cell, similar to the values
that had been indicated indirectly for the MO-CVD alloy cells being grown at about the
same time.

2. 1,4 GaAs Window-type Solar Cells

This tvpe of comparison of modeled and measured spectral photoresponse was
next applied to GaAs window-type cells made by the molecular-beam epitaxy (MBE)
process, as described in the Task 2 discussion (Section 2,2,2,3). The purpose
again was to attempt to obtain a good match between measured (and corrected)
spectral response curves for the GaAs cells and the response curves generated
by the computer model based on certain cell parameters, and thereby to obtain
an indication of the probable values of cell parameters such as minority carrier
diffusion length in the junction laver. It was also intended that the response-
matching process would provide guidance in the selection of certain cell design
parameters, such as junction layer thickness, for experimental cell structures
to be grown by CVD, MBE, or LPE processes. It was also planned that the
modeling calculations be extended to two-cell SNBSC structures of GaAl As-GaAs
and of GaAs-Ge, but that work did not get started prior to the end of Phase 1. It
will be undertaken in Phase 2, however.

When the analytical modeling procedure was applied to a high-quality GaAs
heteroface cell made by MBE (sce Figure 36 for typical illuminated I-V curve obtained
with this structure) it was found that the various combinations of assumed parameters,
when combined with known or measured parameters, did not produce an acceptable
photoresponse match for the measured data (corrected for reflection losses) and at
the same time yield a calculated Jgc value that was acceptably close to the value
measured in the AMO simulator.

Substantial effort was expended attempting to reconcile this discrepancy. The
spectrometer was carefully checked and found not to be the cause of the problem.
Attention was then turned to possible errors in the correction data used to account
for reflection losses at the saniple surface. A curve of reflectivity vs wavelength
was calculated specifically for the cell in question, and it was found to differ by as
much as 20 percent. at some wavelengths, from the reflectivity values which had
been routinely used previously for correcting the photoresponse curves of GaAs
heteroface cells, A major part of this discrepancy may have been caused by the
fact that the window layer thickness on conventional heteroface cells of this type is
usually the order of 10008 while it was only ~400A for the particular MBE cell of
concern here. Use of the newly calculated reflectivity correction factors markedly
improved the match between measured and modeled spectral response curves but was
still not sufficient to produce an acceptable match hetween theory and experiment,

25




0.60p- EE x _-tXPLRIMLNTAL DATA FUR SAMPLL
XLPEL01L (GROWN)

- " !

INTERNAL u x JSL—IL‘JunA/uu’ (!Cz(();htgr”lgr; i
RELATIVE "

PHOTORESPONSE o * 4

L3 ——

0.40~ " CALCULATLD CURVE FOR vr«mnmas#

L GIVEN IN TABLE 11, 4

-

»n J=l1.5uAzem?
24

T
1

0.20 -
- * x -~
- ~
0.00 a 1 A i . | " 11 x, A . A
0.30 0.50 0.70 0.90

WAVELENGTH (um)

Figure 11, Measured and Calculated Photoresponse Data for As-grown GaAfAs
Solar Cell of Sample LPE1011, Based on Corrected Experimental
Photoresponse Curve and Computer Model Using
Parameters of Table 3

Table 3. Parameters Used in Modeling Spectral Photoresponse of
LPE-grown Solar Cell (Sample LPE1011).

Parameter Value Used Source/Basis for Value Used
Surface recombination velocity 106 cm/sec Assumed
Window layer thickness 0.57um Measured on sample
Window layer A¢ content x =080 Nominal composition grown
Interfacial recombination 103 cm/sec Assumed
velocity
p layer thickness 0.71um Measured on sample
p layer A€ content x=0.24 From measured photoresponse
n layer A¢ content x=0.24 Composition nominally grow o
be same as p layer
n layer thickness 4.7um Measured on sample
Window layer diffusion length 0.1um Chosen tor best fit
p layer diffusion length 0.7um Chosen for best fit ]
n layer diffusion length 0.5um Chosen for best fit
Mobility (all layers) 250 cm2/V sec Assumed
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Another attempt to improve the match was based on the argument that such a
thin window might be only partially effective in mitigating the short-wavelength losses
resulting from high surface recombination velocity, A sufficiently thin window could
allow an excessive number of electrons to tunnel through the barrier and recombine
at the GaAflAs/air interface, To model this possibility, a range of interface
recombination velocities from 104 to 3 x 105 ¢cm sec—1 was examined parametrically.
Again it was not possible to obtain an acceptable match between measured and
modeled spectral response while simultaneously satisfying the constraint imposed
by the measured Jg..

The problem had not been fully resolved by the end of the Phase 1 reporting
period. It appears that the most likely cause of the problem, however, is inadequate
data on the surface reflectivity of the specific cell involved. This would be remedied
if specific reflectivity measurements were made for each cell examined,
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2.2 GaAs-Ge SMBSC TECHNOLOGY DEVELOPMENT

The GaAs-Ge materials system is naturally lattice-matched, so a Ge-GaAs
heterostructure tunnel junction could provide the solution to the problem of providing
low-resistance current conduction across the interface of stacked GaAs and Ge cells.
It would also be possible for this conducting tunnel junction to be entirely within
the upper cell (GaAs) material,

This system also provides the opportunity for depositing the two cells on a
relatively lower-cost material (viz, Ge) as well as one that is more robust and thus
better able to resist process handling. One objective of this task was to deter-
mine which of the two possible substrate materials - Ge or GaAs - is more suitable
for use in the two-cell SMBSC.

The program plan called for deposition of ntGaAs on p*Ge substrates and

p*tGe on n*GaAs substrates to be undertaken first, to establish the growth conditions
required for the conducting (nonrectifying) junctions in both cases. Emphasis was to
be placed on determining deposition temperatures and subsequent heating cycles that
would produce high interface doping concentrations and abrupt composition transitions.
The dominant conduction mechanism was expected to be band-to-band tunneling, which
would be investigated sufficiently to establish the conditions for obtaining the required
low-resistance contact.

The growth of GaAs solar cell structures on Ge substrates was then to be
undertaken, to establish the conditions for obtaining high-quality GaAs cell perform-
ance., Procedures and deposition conditions compatible with the requirements of the
nonrectifying interfaces were to be emphasized and an optimum procedure sought.

Next, Ge solar cells were to be grown vn Ge substrates, and conditions for
obtaining high-efficiency Ge cell performance identified. Particular emphasis was to
be placed on achieving high efficiency with surface doping concentrations
compatible with the established requirements of the nonrectifying interfaces.

Following successful achievement of those specific tasks, the entire set of
deposition procedures was to be integrated for the growth of the two-~cell (GaAs and Ge)
SMBSC structure on Ge substrates. The required cell fabrication procedures were to
be developed, and the resulting two-cell assembly then characterized (Task 6) and its
properties carefully assessed.

It was intended that Ge p-n junction cells would also be grown in an inverted
configuration on GaAs substrates, with the resulting structure nGe/p“Ge/n*GaAs,
Photovoltaic characterization of such a structure would be accomplished by obtaining
front access to the p'Ge layer by selective etching or by contacting it through the
n*GaAs, Layer thicknesses and doping concentrations were to be chosen for best
photovoltaic device performance, after which comparison with the performance of
Ge junction cells on Ge substrates would be made.

Following successful fabrication of these Ge cells on GaAs (assuming the
required growth conditions for the nonrectifying interfaces were by that time
established, as discussed above), the two-cell (GaAs and Ge) SMBSC assembly would
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then be grown on GaAs substrates,

on GaAs n' substrates.
would then be determined.

This would be accomplished by growing the Ge
cell on the back (n*) side of GaAs solar cell structures consisting of MO-CVD layers
The photovoltaic properties of the two-cell SMBSC's

Based on the results of such measurements and on similar resuits obtained
for the two-cell GaAs-Ge SMBSC structures prepared on Ge substrates, one of the
configurations, both of which are shown schematically in Figure 12, was to be
selected for further eptimization in order to maximize the overall efficiency of
the GaAs-Ge two-cell assembly,

In the original program plan the GaAf As/GaAs cell structures to be used in
this task were all to be grown by the MO-CVD process and the Ge layers required
for the Ge cells were to be grown by a conventional CVD reaction, such as GeHy
pyrolysis or GeCf 4 reduction —the choice to he made after further consideration
of the detailed requirements of the layers.
as indicated earlier, a change in program emphasis allowed the option of supple-
menting the CVD techniques with other processes when doing so appeared to

improve the prospects of achieving the overall program goals.

Late in the Phase 1 program, however,

growth of both GaAs and Ge cell structures became incorporated into the

activities of this task,
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Figure 12, Two Possible Configurations of GaAs-Ge Two-cell SMBSC

Assembly,

b) Structure Built on GaAs Single-crystal Wafer
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This section contains descriptions of the preparation and characterization
of GaAs solar cells made by MO-CVD and by MBE techniques; the preparation
and characterization of Ge solar cells made by CVD, MBE, and thermal diffusion
techniques; the preparation and evaluation of connecting intercell junction
structures made by MO-CVD and MBE methods; and the fabrication of experimental

GaAs~-Ge SMBSC structures.

2,2,1 Properties of GaAs-Ge Interface

Of the two possible configurations to be investigated for this two-cell SMBSC —
one on a GaAs substrate and one on a Ge substrate — the most desirable one is that
involving the Ge substrate. In that configuration a GaAs cell is grown on a Ge cell
on the Ge substrate, thus utilizing the larger-area less brittle Ge wafers and allowing
higher overall yields in the device fabrication process.

A major requirement for successful use of this configuration is growth of an
abrupt and structurally perfect interface between the GaAs and the Ge, especially if
the connecting junction between the two cells is to be a tunneling heterojunction.

A series of samples consisting of thin (~4004) layers of GaAs on (100)~-oriented
single-crystal Ge substrates was grown by MO-CVD. The composition of these
films near the interface was analyzed by Auger electron spectroscopy combined
with simultaneous etching of the sample surface by argon ion sputtering. The
apparent widths of the GaAs-Ge heterostructure transition regions, as determined
by the spatial distribution of the principal chemical species involved (viz, Ga, As,
and Ge, as well as oxygen), were found to be dependent upon the particular growth
conditions employed during the initiation of the GaAs layer growth on the Ge sub-
strate surface. The minimum "interface width' of ~45A was determined to occur
for films prepared with the TMGa and the arsine (AsHg) introduced simultaneously
into the deposition chamber to start the GaAs layer growth,

Those growth conditions were then used to deposit GaAs p-n junction structures
and complete GaAfAs-GaAs heteroface solar cell structures on n-type (0.001-
0.040 ohm-cm) Ge single-crystal substrates, described in Section 2, 2, 2 below,

Although some experimental n* GaAs/p*Ge heterostructures were grown early
in the program for preliminary evaluation, attention shifted at an early date to
n*/p* as well as p*/n* structures grown entirely in GaAs layers on both GaAs and Ge
single-crystal substrates, for possible use as the conducting tunnel junction between
cells in the GaAs-Ge SMBSC. Such n*GaAs/p"GaAs structures were also used in
some of the first GaAf As-GaAs two-cell SMBSC's, as described in Sections 2. 4,2
and 2.4.3, The preparation and properties of these GaAs n*/p* and p*n* structures
are discussed in Section 2. 2, 4,

2,2,2 GaAs Solar Cells for GaAs-Ge SMBSC's

The MO-CVD parameters found to produce the most abrupt transition from the
Ge substrate to the deposited GaAs film in the heterostructure samples described in
Section 2.2, 1 were used to prepare GaAs p-n junction structures on n-type Ge (100)-
oriented substrates as well as complete GaAs heteroface solar cell structures (with
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~5008 window lavers of Gagy, »AL, 4As)on similar substrates. Typical active layer
thicknesses were 1,0-1,5um for the Zn-doped p-type layer and 3-3 um for the Se-
doped n-type layver. A number of deposition experiments were also carried out at
this same time, early in the program, to confirm the reproducibility of the p- and
n-type GaAs doping conditions to be used in preparing p-n junction, tunnel junction,
and alloy window-layer structures,

Some difficulties were encountered, however, when the above junction and cell
structures were being processed into completed devices. During the contact
definition step the contact patterns repeatedly lifted off, for reasons not then known,
Some of the relatively large-area (2 cm x 2 cm) GaAf As-GaAs heteroface cell
structures were set aside for use in trouble~shooting the contact lift-off procedure
and contact metallization process., Other samples in the group were processed into
small (50 mil x 50 mil) mesa-type devices to avoid the contact definition problem
and allow evaluation of the device structures,

The investigation of the GaAs cell contact definition and metallization procedure,
the preparation and properties of MO-CVD GaAs cells, and the preparation and
properties of MBE GaAs cells are discussed in the next three subsections.

2.2.2,1 Contact Definition and Metallization

Several of the large-area GaAf As-GaAs heteroface cell structures prepared
early in the program were used for tests of the vacuum-deposited Ag-Mn composite
being used for the p-type contact, A general improvement of the contact deposition
and alloying procedure and further work with the lift-off technique used for contact
definition, involving the use of thicker photoresist layers and thinner Ag-Mn
metallization layers, resulted in better contact pattern definition, It was also found
necessary to deposit a thin overlay of Au on the Ag-Mn contact to reduce tarnishing.
This was done routinely thereafter,

In the fifth month of the program a new experimental cell processing mask set,
designed earlier in the program, was received and put into use immediately, This
mask set made it possible to process an array of 0.5 cm x 0.5 cm individual devices
on each multilayer sample. The sample could then be characterized as a single
wafer or as a group of separate cells after sawing into individual 0.5 ¢cm x 0.5 cm
devices using a Tempress Model 602 Dicing Saw with suitable microthin blade,

Figure 13 shows a macrophotograph of a typical array of 0.5 cm x 0,5 cm
GaAfAs~-GaAs cells grown by MO-CVD and processed with this mask set on a
single=crystal GaAs substrate of approximate dimensions 3.7 cm x 2. 1cm.

As the 0.5 cm x 0,5 cm cell size came to be used as the standard for evalua~
tion of the various cell structures grown by CVD methods it was also noted that
significantly different I~V curves could be obtained for a given cell by varying the
illumination conditions in the customary test arrangement being used for rapid
screening of cell properties. This simplified experimental arrangement involved
a tungsten-filament microscope lamp, the illumination from which was incident
normally on the cell surface from a distance that was adjusted so that the short-
circuit current of the cell was ~10mA. This "standardized" arrangement permitted
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Figure 13, Photograph of Typical Array of 0.5 cm x 0.5 cm GaAf As-GaAs
Cells Grown by MO-CVD and Fabricated on Single-crystal GaAs
Substrate ~3,7cm x 2, 1cm

rapid evaluation of cell performance under illumination thgt was infrared-rich and
of somewhat greater total intensity than AMO (135 mw/cm=), but which nonetheless
permitted valid comparisons of relative cell performance.

However, because of the nonuniform intensity across the cross-section of the
illuminating beam and the relative dimensions of the cells and the beam at the cell 4
surface, it was possible to obtain different cell responses by shifting the center of
the beam across the sample surface. Thus, when the region of illumination was
centered near the probe contact the I-V curve exhibited a better fill factor (for the
10mA short-circuit current) than that obtained for the same short-circuit current
value with the illumination centered at the opposite end of the cell, This effect is
illustrated in Figure 14, which shows 1-V curves for one of the 0.25cm* cells
illuminated (a) close to the probe contact pad and (b) at the end of the cell opposite
the contact pad.

This effect was believed to be caused by the series resistance of the metal
contact pattern and/or by the resistance of the metal-semiconductor contact inter-
face. A brief investigation of contact metallizations of differing dimensions indicated
that the metal contacts would have to be ''up-plated' to increase the cross-sectional
area of the conducting paths and thus reduce the series resistance of the contact
pattern in subsequent refinements of the 0.5 cm x 0.5 cm experimental cell design,
There was no indication that the specific contact resistance was a limiting factor,
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Figure 14, I[lluminated (microscope lamp) I-V Characteristics of Conventional
GaAf As-GaAs Thin-window Heteroface Solar Cell Structure Grown by
MO-CVD at 750°C on GaAs Single~crystal Substrate, Showing Effect
on Fill Factor of Centering Illumination (a) Near Metal Contact
Pad at Edge of 0.5cm x 0.5cm Cell, and (b)
Near Opposite Edge of Cell

2,2,2,2 GaAs Cells Made by MO-CVD

Most of the GaAs heteroface cells prepared during Phase 1 were grown on
GaAs single-crystal substrates; many cells, however, were also prepared on
Ge single-crystal substrates. Of the GaAs cells grown on GaAs substrates, by
far the greatest number were grown by the MO-CVD process, although in the
final three months of Phase 1 a number of such structures were prepared by MBE,
as indicated earlier.

The work with GaAs cells formed by the MO-CVD process on both GaAs and
Ge substrates is reviewed in the next two subsections.

2.2.2.2,1 MO-CVD GaAs Cells on GaAs Substrates. High efficiency
GaAs heteroface solar-cells (n= 12.8 percent, AMO0, no AR coating) had been pre-
viously prepared at Rockwell by the MO~CVD technique on single-crystal GaAs
substrates (Ref 8), but it was necessary to verify all aspects of that previously
established capability for application to this program.
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Active laver thicknesses similar 1o those used (or conventional

strates,
characteristios ol

window ~type GaA As-GaAs solar cells were used, The T\
those structures looked guite good, with no evidence of cuher excess feakawe or

CNCEONS Serles resistance,

These reassuring but prefiminavy vesults provided the impetus for o scres o)
deposition experiments in which Gads heteroface cell structures owith windows were
deposited simultaneousty on n-tvpe (1o Gads and n=thvpe (loog Ge substrates, These
experiments are discussed turther in Section 2, 2,2, 2,20 hut i ceneral the pronerties
of the Gads cells that resulted were considerably poorer than those ol carlier Gods
heteroface cells prepared on Gads substrates by MO-0VD at Rochwell,

An indication of the performance obtained with GaAs heterotace cells nrenured
in structures grown separately on GaAs substrates durine the hrst sceverad poontns
of the program is seen in Figure 15, This shows the dack and allaniated onrcey-
scope lampy -V characteristics of a4 0, 0cm x 0, 5em GaALAR-GaA= window -1 e
solar cell processed in a multilaver somple grown on a 1ony GaAs S subsLrate,
A relatively low fill factor of about 0,65 is observed. with o Vo ovalue of ~0 0Ty
S N

. . . . N .
and a short-circuit current densitv of ~2omA cm~ for the tungsten-lamp i
tion involved.

R T U

oy ey

Figure 15. Dark and Iluminated (microscope lamp source) -\ Characteristics
of GaAfAs-GaAs Window~-type Solar Cell Grown by MO-C VD on Single-crvstal
GaAs:Si Substrate Early in Phase 1 'rogram (Cell
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By e madpoimt of the Phase D program the resalts had mproved considerabt
but the ethictencies bemng obtined with GaAfAs -GaAs heterotace cells made by the
Mo-OvV D process were sull lower thun expected, Most of the cell structures hud
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The photoresponses ol some of the cells prepared during this period were
measured using both microscope lamp illumination and simulated (but not spectralls
matched) AMO illumination from a xenon arce lamp., A tvpical set of dark and
illuminated I-\ curves for one of these devices is shown in Figure 16, in this casc
for illumination with the microscope lamp, The cell structure represented was
deposited at 75000 on a (100) GaAs:Si substrate, The Ve value tor this cell is seen
to he about 0, 91\ and the Jge value approximately 3smA em= for the infrared-rich
high-intensityv illumination of the microscope lamp. \When this and other cells on
this same substrate were measured in the AMO simulator the typical parameters
were Voo 09IV e 17 3mA emZ, FF0.7%, and 1 9, 1percent, with no
AR coating and without correction for area loss due to contact coverage,

Figure 16. Dark and Illuminated (microscope lamp) I-V Characteristics
of 0.5cm x 0.5¢m GaAlAs-GaAs Window-type Solar Cell Deposited by
MO-CVD at ~7500C on (100) GaAs:Si Substrate Midway through
Phase 1 Program
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The cause of the lower-than-expected efficiencies in the GaAf As-GaAs
heteroface cells being grown by MO-CVD was not known, A systematic examination
of the problem was undertaken, with particular attention given to the details of
processing the multilayver cell structures into individual finished devices and to
the question of possible unexpected (and unidentified) impurities entering the
structures during the MO-CVD growth process, presumably from one of the
reactant source tanks, Although no obvious problems in either film growth or
device processing were found in this investigation, continued improvement in
results was noted soon thereafter,

GaAs heteroface cell structures grown separately on (100)GaAs:Si substrates
in the following month were processed as usual into arrays of individual 0,5cm x
0.5cm cells which were then tested by measurement of dark and illuminated I-V
characteristics using mechanical probe contacts, the microscope lamp, and a curve
tracer, Further evaluation of the best devices on some of the wafers was then
accomplished by mounting and bonding individual cells to TO-16 headers and
measuring the I-V curves under simulated AMO illumination with the xenon lamp,

Results typical of those GaAfAs-GaAs cells grown separately on the
(100)GaAs:Si substrates are shown in Figures 17 and 18, Figure 17 shows the
dark and illuminated I-V characteristics of an uncoated cell tested with the micro-
scope lamp and probe contacts, As a convenience in rapidly screening these
devices with this simplified procedure the intensity of the incident illumination was
adjusted by changing the lamp-to-cell distance, The intensity was usually so
adjusted to produce a ~10mA short-circuit current, as noted earlier, The cell
quality could then be estimated readily by examination of the curve shape (i.e.,
fill factor) and the open-circuit photovoltage V..

Figure 18 shows the I-V curves for another uncoated cell fabricated on the
same GaAs substrate wafer but after its mounting and bonding on the header. with
the AMO simulator as illumination source. This cell is seen to exhibit a good V.
value (0,97V) and a fairly good fill factor (0. 78), but the short-circuit current
density is again only about 17,0 mA/cm?2, The efficiency is thus ~ 9,6 percent,

The heteroface GaAs cells grown on GaAs substrates in the next series of
devices showed additional improvement. Some of these cells were grown at ~700°C
and some at ~750°C, The wafers we,.2 processed into the usual 0.5¢m x 0. 5cm cells
and tested with the microscope lamn illumination; individual cells were tested in
this way, using mechanical probe contacts, prior to sawing the wafer into separate
cells for mounting on TO-16 headers, It was thus easy to construct a "map"' of the
photovoltaic response over the entire wafer, and this procedure showed generally
a high degree of uniformity of photovoltaic properties except where there were
obvious substrate defects, Such defects were readily identified in the GaAs sub-
strates after the polishing process (done at Rockwell), and most often appeared to
be in regions where the GaAs crystal growth in the original boule had become
locally polycrystalline.
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Figure 17, Dark and Illuminated (microscope lamp) I-V Characteristics of
GaAfAs-GaAs Thin-window Heteroface Solar Cell Grown by MO-CVD
at 750°C on (100)GaAs:Si Substrate
{No AR coating on cell)
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Figure 18, Dark and Illuminated (xenon lamp AMO simulator, 135 mw/cm-)
I-V Characteristics of GaAfAs-GaAs Thin-window Heteroface Solar Cell
Grown by MO-C VD at 7500C on Same (100)GaAs:Si Substrate as Cell of

Figure 17 (No AR coating on ccll)
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Typical I-V characteristics (dark and illuminated by the microscope lamp) for
the better cells in samples grown at ~700°C and ~750°C are shown in Figures 19 and
20, respectively., Comparison of these results with those of Figures 16 and 17 shows
that the later cells were generally improved over those previously prepared. The
later cells all involved Te-doped n-type GaAs substrates, while most of the earlier
cells described were on Si-doped GaAs substrates. It did not necessarily appear,
however, that the improvement in cell performance was related to the change to Te-
doped substrates, especially since the latter have been found typically to have a high
incidence of structural imperfections,

Also grown at about the same time were several conventional GaA £As-GaAs
heteroface solar cell structures having somewhat thinner p-type GaAs:Zn layers and
thinner Gag, Ay yAs:Zn window layers than those normally grown. The p-type
active layers in t%ese cells were ~0.75pum thick instead of the usual 1. 0pum, and the
window lavers were ~500A instead of the ~1000A most often used in these cells. It
would be expected that improved short-circuit current and better AMO spectral
response would result for these modified cells. The dark and illuminated 1-V char-
acteristics for one of the 0.5cm x 0.5¢cm cells fabricated in one of these structures
are shown in Figure 21, for illumination with the microscope lamp. It appears that
somewhat improved photovoltaic response was indeed achieved by the modifications
in cell design.

As part of the investigation of possible causes of the lower-than-expected AMO
efficiencies being obtained in the GaAs heteroface cells prepared by MO-CVD, a
number of the 0.5¢m x 0, 5¢m GaAs window-type cells were characterized with the
calibrated Spectrolab Model XT-10 simulator (AM0, xenon source) at the Rockwell
Satellite Systems Division at Seal Beach, CA, The simulator used earlier at
Rockwell ERC involved an unfiltered 1000-watt xenon lamp, and this source is
known to have a spectral output that is not a very good match to the AMO spectrum,
This raised the obvious question of the effect upon measured cell performance of
departures of the simulated AMO spectrum from the proper AMO spectrum, although
for most non-critical measurements the unfiltered lamp provided an acceptable
measure of "AMO response."

The group of cells measured in the Seal Beach simulator involved four different
substrate wafers and had not been previously evaluated with the ERC simulator. The
simulator output was set for 129 mw/cm?2 by means of a calibrated Si reference cell.
For this AMO simulated insolation the cells measured had efficiencies of up to
115 percent, with no AR coating. If a multiplying factor of 0,95/0.66 = 1,44 is
applied to correct for the anticipated effect of a good AR coating it follows that the
above maximum corresponds to an efficiency of 16. 6 percent with coating. Although
this is still not as high as the previous best performance achieved with such a cell
made at Rockwell by MO-CVD, the result did provide an adequate baseline reference
for comparison of the various SMBSC's under development in this program, Figure 22
shows the fourth-quadrant I-V curve for the 11, 5 percent cell under AMOQ illumination
of 129 mw/cm?, as obtained in the above measurements.
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Figure 21, Dark and [lluminated (microscope lamp) I-\" Characteristics of
Thin~-window GaAfAs-GaAs Heteroface Solar Cell (0.5cm x 0.5¢em)
Grown by MO-CVD at ~750°C on Single-crvstal GaAs:Te Substrate:

Both Window Layer and p-type Active Laver Thinner
than Usual (see text)
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Figure 22, Fourth-quadrant I-V Characteristic of GaAf As-GaAs Window-type
Heteroface Solar Cell (0, 5cm x 0, 5cm) Made by MO-CVD, under Simulated
AMO Illumination of 129 mw/cm2 from Calibrated Simulator
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shortly after the above cell structures were grown it was noted, by careful
SN and optical microscope examination, that the layver thicknesses in various
single-cell and two=-cell SMBSC structures were much less than was expected
on the basis of the deposition parameters used. The apparent cause of this was
that a new mass-flow controller had heen installed in the TMG source line of the
reactor system just prior to the growth of these structures, because of functional
problems that had developed with the controller previously in use. The new unit,
however, had evidently been miscalibrated at the factory (Tylan Corp., Torrance,
CA) su that thicknesses of layers involving Ga as a constituent turned out to be quite
different from expected values,

After this problem was corrected and the necessary growth parameters had
been reestablished, a number of conventional GaAfAs-GaAs thin~-window heteroface
solar cell structures on GaAs substrates were prepared by deposition at 7500C,
The structure (i,e.,, layer thicknesses and doping concentrations) of these com-
posites was varied slightly to determine the effect of such parameter variations
on the performance of the resulting cells, As customary, the wafers were pro-
cessed into arrays of 0.5cm x 0.5cm (0. 25 cm2 area) individual cells, The
resulting cells were evaluated using the microscope lamp and mechanical probes,

Typical I-V characteristics obtained for cells on some of the best wafers
are shown in Figure 23, As in previous cell characterization using the microscope
lamp the intensity was set to produce a short-circuit current of 10mA for the cell
under test, It can be seen that Ve values of 1. 0V were obtained, with good curve
shapes (fill factors).

Spectral response measurements were made on some of these GaAs cells
using the grating spectrometer and detector system at ERC Anaheim, This equip-
ment uses a 100-150 watt tungsten-halogen lamp in conjunction with a Spex 1 4-meter
grating spectrometer and appropriate focusing optics. The throughput of the svstem
operating at 100A resolution generates a short-circuit current density in a cell that
] is approximately 10°3 x Jdge MO): For accurate quantitative spectral response
data the cells should be AR-coated, but accurate comparisons of individual cells
on a given substrate wafer can he made without the coating. Data for photoresponse
as a function of wavelength for both a reference cell and the experimental cell and
quantum efficiency data for the reference cell are put into digital form and manipu-
lated by a Hewlett-Packard 9825A computer, The output is the response of the
experimental cell as a function of wavelength normalized for unit input intensityv,

Figure 24 shows data for two conventional GaAlAs-GaAs thin-window hetero-
face solar cells (0.5cm x 0.5cm) grown by MO-CVD at 750°C on a GaAs substrate
(i.e., both cells are on a common substrate), One of the two cells is the cell the
' 1-V curves for which are shown in Figure 23a. Coincidence of the point-byv-point
" spectral response data for the two cells is striking and attests to the uniformityv of
‘ results ohtained by the MO-CVD process over the area of a typical 2em x 1 em
substrate, The sharp drop in response at long wavelengths corresponds to the
expected hehavior at the bandgap energy of GaAs, Both cells maintain essentially
maximum response for higher-energy illumination throughout the visible region,
still exhibiting >80 percent of maximum response at wavelengths as short
as ~0,475um,
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Figure 23, Dark and Hluminated (microscope lamp) I-V Curves of Two Conventional
GaAlAas-GaAs Thin-window Heteroface Solar Cells (0.5cm x 0.5¢en., Grown
by MO=-CVD at 750°C on Different Single-crystal GaAs Substrates after
Recalibration of Mass Flow Controller
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Figure 24, Spectral Response Data for Two Different GaAf As-GaAs
Heteroface Solar Cells (0.5cm x 0.5cm) Processed in MO-CVD
Lavers Grown at 750°C on One GaAs Substrate Wafer
* Thus, although the previous high-efficiency cell performance was not
successfully duplicated by the GaAs heteroface cell structures made by MO-CVD
during the Phase 1 program, cells having acceptable AMO performance were being

fabricated by the end of the period covered by this report. It did not appear that
variation in deposition temperature in the 700-750°C range produced significant
differences in cell performance, but thinner window layers (~500A) and thinner

p layers (~0.75um) in the active GaAs region did appear to produce improved
photovoltaic response, The performance obtained with the GaAs cell structures
prepared in the later stages of Phase 1 was judged to be sufficiently good to allow
program attention to be concentrated on developing the GaAfAs cell and the Ge
cell, both intended for use in conjunction with GaAs cells in SMBSC configurations,

Also, and perhaps more importantly, the capability for growing GaAs hetero-
face cell structures with overall dimensions of 2ecm x 4cm or more (see Figure 13)
and with a high degree of uniformity of properties over similar large areas
(see Figure 24) had been clearly demonstrated. This constitutes a major step toward
achievement of the contract goals.

2.2.2.2,2 MO-CVD GaAs Cells on Ge Substrates. Since the preferred two-
cell GaAs~-Ge SMBSC configuration, from the standpoint of materials cost and device
durability, is that in which the Ge and GaAs cells are deposi. 1in sequence on a Ge
single-crystal substrate (see Figure 12a), it was cons.lered important to develop
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the capability for obtaining high quality GaAs cell structures on Ge by one or more

of the deposition techniques being used. Consequently, the first GaAs cell structures
prepared in this program were grown by the MO-CVD process on Ge substrates, as
pointed out previously.

The GaAs MO-CVD growth parameters that had produced the most abrupt
transition from Ge to GaAs at the growth interface in samples that had been analyzed
by Auger electron spectroscopy (see Section 2, 2, 1) were used to prepare GaAs p-n
junction device structures on low-resistivity (0, 001-0, 040 ohm-cm) n-type (100)-
oriented Ge single-crystal wafers. Typical n layer thicknesses were 3-5um and
p layer thicknesses were 1, 0-1,.5um. Some of the structures also had Gag, 2Af o, gAs
window layers <0, 1um thick., Problems were encountered in processing these first
structures into completed large-area cells, as noted earlier, due to contact
adherence and lift-off difficulties.

To circumvent the large-area contact problem temporarily a number of smalil
(50 mil x 50 mil) mesa-type devices were fabricated in these structures, some of
which were grown at ~700°C and some at ~750°C, Those grown at 750°C were
found to be considerably more leaky than those grown at the lower temperature,
suggesting at first that MO-CVD growth of GaAs on Ge might best be done at lower-
than-customary temperatures to avoid defect formation at the growth interface.
Those devices grown at ~700°C exhibited good forward and reverse I-V characteristics.

Some large-area (2cm x 2cm) cells grown on Ge substrates at ~7500C were
successfully processed, including some with and some without GaAf As window
layers. Although the structures grown on GaAs substrates at about the same time
showed relatively good I-V characteristics (neither excess leakage nor excess
series resistance), those grown on Ge substrates exhibited the same leaky I-V
characteristics as were seen for the small mesa devices mentioned above, The
fili factors were poor, so the efficiencies were very low.

Shortly thereafter, another group of GaAs p-n junction structures and GaAs
heteroface solar cell structures was grown on (100)GaAs and (100)Ge n-type single-
crystal substrates. The structures on Ge were deposited at 700 and 750°C, as
were those in the previous group. Small-area (50 mil x 50 mil) mesa devices with
25 mil x 25 mil contact pads were again fabricated, As for the earlier group of
similar devices, those grown at 700°C had somewhat better (less leaky) I~V curves
than did those grown at 750°C,

One of the GaAs p-n junction structures was grown on a Ge substrate that
had been coated on the back surface (and also on the edges) with ~10004 of
sputtered SiO9 to attempt to prevent any interaction of the Ge substrate with the
MO-CVD environment after initiation of GaAs deposition, This wafer was then
fabricated into small-area mesa diodes and their properties were compared with
those of similar devices grown on the uncoated Ge substrates. Improved results
were achieved, so the procedure of coating Ge substrates to be used in the GaAs
MO-~CVD environment appeared to be a helpful one and thus was used for most Ge
substrates involved in GaAs depositions throughout the remainder of the program.

In the subsequent series of deposition experiments several GaAs thin-window
cell structures were grown simultaneously on n-type (Sb-doped) (100)-oriented Ge
and n-type (Si-doped) (100)-oriented GaAs substrates by the MO-CVD process.
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These structures were deposited at 700, 750, and 800°C. A few of the G substrates
had been previously coated with ~1000A of sputtered SiO>. In addition, some GaAs
p-n junction structures without GaAfAs window layers were grown on Ge:Sh sub-
strates (some SiOs-coated and some uncoated). The cell structures were processed
into 0.5cm x 0.5cm devices, while the simple junction structures were fabricated
into small mesa diodes.

In general, the solar cells and junction diodes fabricated in GaAs grown on
SiOy-coated Ge substrates in this group exhibited less leaky I-V characteristics
than those on uncoated Ge substrates. However, all of the solar cells grown on
Ge substrates (coated or uncoated) had V. values of only ~0, 8V under illumination :
by a laboratory microscope lamp, whereas cells grown on GaAs substrates typically ]
exhibited V. values of ~0.96V under the same illumination conditions. The cause
of this difference was not established at the time.

Figure 25a shows the dark and illuminated (microscope lamp) I-V
characteristics of a GaAs p-n junction mesa diode (no GaAfAs window layer)
grown on a Ge substrate that was uncoated. I'igure 25b shows similar curves for
a similar device grown on a Ge substrate having the SiO9 coating (except on the
deposition surface). The 50 mil x 50 mil mesas had centrally located 25 mil x
25 mil ohmic contacts on their top surfaces, as for earlier mesa devices,

Some of the samples in the above group were not processed into devices until
the following month, at which time they were processed into the standard-size celis
with other, more recently grown, samples., Upon testing with the lkw xenon lamp
(simulated AMO illumination) it was found that the cells on GaAs again had higher
efficiencies than those grown simultaneously on Ge. Figure 26a shows the AMO
photoresponse of one of these cells grown on GaAs:Si and Figure 26b shows the
dark and light I-V characteristics of a cell in the simultaneously grown multilaver
structure on SiOg-coated Ge:Sb, These cell structures were grown at 700°C, No
AR coatings were used and no allowance was made in calculating the efficiencies
for the area shielded by the contact grid, The efficiency of the cell on the Ge
substrate is seen to be less than half of that of the cell on the GaAs substrate,
primarily due to significantly lower Ig, and Vo values although even the fill factor
is better for the GaAs-based cell (0. 80) than for the Ge-based cell (0. 70).

Some attempts were then made to identify the possible cause(s) of these
persistent differences., Semilogarithmic plots of current vs voltage were made for
some of the devices to compare the junction properties of the GaAs-based and the
Ge-based cells and to compare both with those of similar cells grown earlier in
the program, Figure 27a shows the forward (dark) I-V characteristic of a
GaA2As-GaAs solar cell structure grown on a GaAs:Si substrate and processed
into a completed device with this later group. Figure 27b shows the corresponding
data for a similar cell on a GaAs:Si substrate grown and processed several months
earlier. (In both instances the data were obtained with the automatic plotter.) It
is evident that the more recent cell shows considerably more leakage at low
voltages. The current conduction appears ohmic at zero bias, suggesting a
severe shunting problem, It was not established at the time whether this shunting J
was related to device fabrication or materials growth problems,
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Figure 25, Dark and Iluminated I-V Characteristics of Gads p-n Junction
Mesa Diodes (50 mil x 50 mil) Grown by MO-CVD on n-type (100)Ge
Substrates; a) Uncoated Substrate; b) Substrate Coated with Si0
(Microscope lamp souree; 25 mil x 25 mil central contacet on
top surface of device)
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(100)GaAs:Si Substrate and b) Single-crystal (100)Ge:Sb Substrate with
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While these investigations were in progress additional groups of GaAf As-GaAs
heteroface cell structures were prepared, with n-type (Sbh~doped) (100)Ge and n-type
(Si-doped) (100) GaAs substrates included for simultaneous deposition in each run,
One group was deposited entirely at 700°C, and all of the Ge substrates were coated
with ~10004 of sputtered SiO, on the back surface. A second group involved deposi-
tion temperatures of 650 and ?700°C, again with the Ge substrates all previously
coated with Si0O5. Several separate runs were also made to grow similar cell
structures just on GaAs:Si substrates alone at 750°C, for comparison,

Some of the samples of the first of the above groups, grown at ~700°C on hoth
GaAs and Ge (SiOg-coated) substrates, were processed separately into 0.5 cm x
0. 5cm cells and were tested in individual chip form with probe contacts and the
microscope lamp. Representative dark and illuminated I-V curves for several
of these cells are shown in Figures 28 and 29,

Figure 28a shows the I-V curves of a GaAfAs-~GaAs cell grown on {100)Ge:Sh
at 690°C. The cells from this wafer were unique in that they were the first of the
cells grown on Ge substrates in this program to show high values of V.. Also,
they showed relatively small leakage currents. The companion GaAtAs-GaAs
cells grown simultaneously on GaAs:Si substrates also exhibited good I-V curves,
as shown in Figure 28b.

Figure 29a shows a similar GaAf As-GaAs cell grown on a Ge:Sh substrate
at ~700°C, but the initial (i, e., predeposition) conditions used in the growth of the
GaAs layer in this case were different from the conditions used for the growth
of the cell structures represented in Figure 28. The V. of the Ge-based cell
in Figure 29a is much lower than that of the cell in Figure 28a,

The companion cell grown on GaAs:Si simultaneously with the one shown in
Figure 29a, however, has a good V., as shown in Figure 29b, but its leakage
current is seen to be higher than that in the cell of Figure 28b,

The question of the effect of changes in the predeposition conditions in the
reactor, as employed in preparation of these samples, was examined further.
The normal procedure for GaAs growth on GaAs substrates by MO-CVD is to
introduce AsHg into the deposition chamber several minutes prior to the intro-
duction of the TMG. Some of the GaAs films (Figure 28) were grown by this
standard procedure and others (Figure 29) were deposited with the AsHg4 being
introduced only a few seconds ahead of the TMG, thus avoiding the formation of
uncombined Ga metal inclusions at the interface yet reducing the time for Ge-
Astig reactions to occur,

A separate set of undoped GaAs {iims was deposited at ~700°C on (100)-
oriented n-type Ge:Sb substrates that had previously been examined by x-ray
transmission topography so that structural characteristics of the GaAs films
could be correlated with structural properties of the Ge substrates. Some of
the films were grown with the standard predeposition procedure and some with
the short AsHg exposure, to attempt to identify any structural differences in
the films for the two types of substrate surface treatment, Additional window-
type GaAs cell structures were grown on (100) GaAs and (100) Ge substrates
simultaneously at ~750°C for use in this investigation; several were prepared with
the standard procedure and others with the modified procedure.
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GaAZAs-GaAs Heteroface Solar Cells (0,25 cm= arcar Grown by MO C\VD
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Figure 29. Dark and Illuminated (micvoscope lamp)I-\ Characteristics of

GaAfAs-GaAs Heteroface Solar Cells (0.25 em? arca) Grown by AMO-C\D
at ~700°C on a) (100) Ge:sh Single-crystal Substrate and
b) (100) GaAs:Si Single-crystal Substrate, with
Different Predeposition Conditions in Reactor
Chamber from Those Used tor Cells of
Figure 2x (scce text)
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The GaAs Dl crown on Ge substreates with the standard predeposition
procedure of introducing A<t several minutes prior to the introduction of TMG
tended to have o higher incidence of dislocations than those grown with the
procedure variation in which the AsHy is introduced only a few seconds ahead of
the TMG. The Gads window -type cells grown at ~750°9C on Ge substrates under
the two different predeposition conditions also tended to exhibit different
properties, with the cells grown with the standard procedure appearing to be inferior
respecially in fill factory to those grown with the non-standard procedure.

For example, Gads cell structures grown at ~750°C simultaneously on sub-
strates of Ge:Sb and GaAs:Si using the non-standard procedure were tested with the
microscope lamp and probe contact procedure after being processed into arrays of
imdividual cells, with results represented in Figure 30 for one of the deposition runs.
Figure 30a shows the dark and illuminated -V curves for a cell on the Ge:Sh sub-
strate, A high V. value (>1. 1V) was obtained, although the fill factor was not very
high as displaved for this illumination intensity and method of contacting. The I-V
curves tor a cell on the companion GaAs substrate are shown in Figure 30b, A
smaller V' was observed, but the fill factor was considerably better than that for
the cell on Ge.,

The I-V curves for a Gaas window-type cell grown on Ge:Sh at 7509 in a
different experiment, in which the standurd predeposition procedure was employed,
are shown in Figure 31, Comparison of the curves in this figure with those in
Figure 3oa shows @ high vV o value in both cases, but the fill factor is clearly
much poorer for cells grown with the standard predeposition procedure (Figure 31),
The improved cell performance obtained with the nonstandard predeposition
treatment appeared consistent with the observation of fewer dislocations in the
GaAs films grown on Ge under these conditions.

Subsequent examination by x-ray reflection topography of three separate
D.o5em N 0,5 em oceells from the group involved in this examination of effects of
predeposition treatment produced inconclusive results. Two of the cells were
from the same origina multilayer structure, which was grown with the standard
predeposition procedure, while the third was from a sample grown with the
moditied procedure.  Of the two cells from the same sample, one exhibited good
dark and illuminated 1-V charuacteristics and the other had poor photovoltaic
propertics ar phenomenon itself still not explained). However, the topographs
from ull three cells exhibited prominent “cross-hatching' or defect bands
probubly associated with stress-induced dislocation networks in the grown
lavers.  Further analvsis of carefully selected substrates and cell structures
is required before significant correlations can be established by this method of
analvsis,

The -\ curves obtained with the AMO simulator for another of the individual
cells on the Gessh substrate represented in Figure 31 (grown with the standard
pre=aAsliy procedure) are shown in Figure 32, The open-circuit voltage is scen to
he slightly larger than that typically obtained with AMO illumination for GaAs cells
grown simultancously on GaAs substrates, but a fill factor of only 0.65 was obtained,
consistent with the low fill factor scen for the other cell on this substrate under
microscope lamp illumination (Figure $1).
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Figure 31, Dark and [lluminated (microscope lamp) I-\" Characteristics of
GaAlAs-GaAs Thin-window Heteroface Solar Cell (0, 5c¢m x 0, 3cm)
Grown by MO-CVD at 750°C on Ge:Sb Substrate Using
Standard Predeposition Procedure
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Figure 32, Dark and I[lluminated (AMO simulator, ~135 mw/cm™) [-V
Characteristics of Another GaA£As-GaAs Thin-window
Heteroface Solar Cell (0. 5cem x 0, 5em) Fabricated
ot Same Ge:Sh Substrate as Cell of Figure 31
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The cauxe of the apparently enhanced open-circuit voltage being observed in
these GaAs cells grown on Ge substrates was not identified at the time, It was
speculated that an additional p-n junction formed inadvertently near the nominal
Ge-GaAs interface could be responsible,

subsequent turther evialuation of some of these GaAs cell structures grown
by MO-CVD on Ge substrates produced some interesting results, Mceasurement of
the illuminated I-V curves (using the AMO simulator) and of the spectral response
curves for a number of the individual 0, 5cm x 0, 5¢m GaAs cells on Ge substrates
confirmed the earlier result that there was wide variation in the general photo~
voltaic quality of cells on a given Ge substrate. for structures prepared with either
the nonstandard or the standard Asliy procedure. In fact, the variation of the V
values among the individual GaAs window-tvpe cells on a given Ge substrate and
amonyg the individual cells on Ge and GaAs substrates used simultaneously in a given
denosition experiment, as determined with AM0 illumination in these measurements,
was found sufficiently large to dispel the previous impression that there was a con-
sistent difference in Ve values tor cells on Ge and on GaAs substrates (with the
former thought to be larger),

oc

Furthermore, the cells in structures grown on GaAs substrates when Ge
substrates were also present appeared, as a resull of these later evaluations, to be
generally poorer than GaAs window cells grown on Gads substrates alone — a fact
that cast considerable doubt on the validity of the earlier comparison of cells grown
simultancously on the two substrate materials.,  Further doubt was caused by the
manner in which the microscope lamp illumination was employved in the rapid screen-
ing of cell properties — involving adjustment (by changing the lamp-to-sample
distance) of the short-circuit current to~10mA and then noting the resulting Ve
value and curve shape (fill-factor).  Clearly, for cells with wide variations in series
resistance, curve shape (fill factory, and overall quality this rapid-screening com-
parison method could be misleading.

Despite the wide variations found among individual cells in the group there
were some good-quality GaAs cells found on the Ge substrates in structures
prepared both by the standard and the nonstandard Asll, procedures, For
example, Figure 33 shows the illuminated I-V curve for one of the heteroface
cells grown at ~750°C on (100)Ge:SH using the standard pre-Asily procedure.

The individual cell represented here is the same cell that produced the -V curve

of Figure 31 with microscope lamp illumination, Not only does this cell produce

a normal open-circuit voltage of 0,99V but it also exhibits a good fill factor of

0. 78 — significantly better than that shown in Figure 31. The Jg. for this cell

under AMO illumination, however, was only about 12, 4{mA /em<; this can be com-
pared with a Jg, of 13, 4mA /em? for another individual cell on this same sample,
which also had V_ . - 0,995V and I'l" © 0,65, as shown in Figure 32, The efficiency
of the cell of I'igure 33 was approximately 7, 1 percent, while that of the cell shown
in I'igure 32 was 6,4 percent. Other cells on this same sample exhibited efficiencies
up to ~7,9 percent in the AMO measurements,

Figure 34 shows the illuminated I-V curve for one of the heteroface GaAs

cells grown at ~750°C on (100)Ge:Sb using the nonstandard Asllg procedure, in an
experiment in which GaAs substrates were also used. The V. value for this cell
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Figure 33. Fourth Quadrant of llluminated (AMO simulator) I-V Curve for
MO-CVD GaAs Heteroface Solar Cell (0.5cm x 0, 5cm) Grown at ~750°C
on (100)Ge:Sb Substrate, Using Standard Pre-AsHg Procedure (Same
cell as that which produced I-V curve shown in Figure 31)
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Figure 34. Fourth Quadrant of Illuminated (AMO simulator) I-V Curve
for MO~CVD GaAs Heteroface Solar Cell (0.5cm x 0.5cm) Grown
at ~730°C on (100)Ge:Sh Substrate Using Nonstandard
Pre-Asliy Procedure

is 0,97V, Jg. = 16, 7mA/em?, the fill factor is 0.71, and the efficiency ~8, 5 percent
for AMO, The cell used to produce the I-V curve of Figure 30a, in which it had
appeared that an unusually large V. had been generated by the microscope lamp
illumination, was on this same sample and was found in these later AMO measure-
ments to produce a very low V. of only 0. 76V, a Jg. of 9. 7mA /cm?2, a fill factor

of 0.70, and a power conversion efficiency of ~3, 9 percent, Other cells on this
sample had efficiencies up to 9, 8 percent in the AM0O measurements.

In most instances the cause of the relatively low efficiencies was obviously
the lower-than-expected photocurrent collected, indicating needed improvements
in cell design-- primarily layer thicknesses and doping concentrations — and a
possible problem with minority carrier diffusion lengths due to defects in the GaAs
layers grown on the Ge substrates. The later mecasurements, however, did not
indicate a clear-cut preierence for either the standard or the nonstandard AsHy
procedure for growing GaAs heteroface cells on Ge substrates.

The spectral response measurements made on these GaAs Ge cells also
indicated a lack of any long-wavelength response attributable to a possible second
barrier involving Ge, except for two individual cells for which a very low Vge
(0.1 to 0.258V) was found and some long-wavelength response was detected. [t is
believed that the GaAs cell was completely penetrated by the contacts in the process-
ing in these instances, so that cither a GaAs-Ge heterojunction or a Ge Schottky-
barrier cell resulted.




The possibility of obtaining improved GaAs cell performance on Ge substrates
by growth at reduced temperatures was briefly explored by growth of a GaAs heteroface
cell structure at ~6609C on a (100)Ge:Sh substrate; the substrate had been coated on
the back with sputtered Si0O, about 10008 thick, as in previous experiments with Ge
substrates. The individual 0. 5¢m x 0. 5¢m cells processed on this sample exhibited
zenerally poor dark and light 1-V characteristics when examined with the microscope
lamp and the probe contact, with considerable junction leakage evident and also
evidence of excessive series resistance, When one of the cells was characterized
with the AMO simulator this general hehavior was again observed, Under that
illumination the V. was found to be only 0,63V, much lower than found for the
other Ge based cells described above (cf Figure 32), The observed Jg. was
13,2 mA ‘em* and the fill factor was verv low, Thus, even though this cell
structure was prepared with the predeposition procedure that involved only verv
brief exposure of the substrate to Asly before the TMG was admitted, it appeared
that other things occurred at temperatures as low as 660°C to result in relativelv
poor quality growth of the cell structure.

[ate in the Phase 1 program, at about the time the above AM0 measurements
were being made on the GaAs ‘Ge cells grown earlier, additional GaAs window-type
cell structures were grown on Ge:Sh substrates at ~700°C and on GaAs:Si substrates
at ~7500C, with the standard pre-growth exposure for AsHz being used in several of
the experiments and the nonstandard procedure of very brief exposure to AsH;; being
used in two of the runs. Figure 35 shows the spectral response curves for two of
the heteroface cells of this group, one grown on GaAs and the other grown (in a
separate deposition experiment) on Ge. The junction depth (p-type GaAs layer
thickness) in the two cells was intended, by selection of deposition parameters, to
be nominally the same. The large difference in blue response in the two cases
suggests a major difference in the minority carrier diffusion length in the GaAs
lavers on the two substrate materials.

Unfortunately, however, the overall results obtained with this group of
samples were decidedly inferior to those discussed above. Problems encountered
in the functioning of the reactor system late in the Phase 1 program were
apparently adversely affecting the properties of this group of cell structures,
irrespective of the substrate material being used. Additional experiments with
MO-CVD GaAs cell structures on either GaAs substrates or Ge substrates were
thus delaved until early in the Phase 2 program,

It is clear that the GaAs cells produced on Ge substrates by the MO-CVD
process in the Phase 1 program were of much poorer quality than those formed
on GaAs substrates. It is believed that the device processing techniques that
were used mayv have been responsible for some of the adverse effect, but other
factors were probably more influential, The SiO.,, coating used on most of the
Ge substrates should have prevented serious interaction of the substrate and the
MO-CVD reactant atmosphere, although no attempt was made to evaluate critically
the integrity of the 51() laver or to determine an optimum thickness or
deposition procedures.

Whereas clear evidence of a more defective GaAs-Ge interface region was
found for structures grown with the longer-duration standard (as opposed to the very
brief non-standard) exposure of the substrate to Aslly, somewhat less conclusive
results were obtained for the photovoltaic performance of cells in the two
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Figure 35. Spectral Response Curves for GaAs Heteroface Cells

Made by MO-CVD on GaAs and Ge Substrates; Junction
Depths Nominally Equal in Both Cells

cases — although the non-standard procedure is apparently preferable. Some
additional investigation of this problem should be undertaken to clarify the matter.

The photovoltaic parameter in which differences among cells on GaAs and on

Ge substrates were most noticeable was the short-circuit current density; open-
circuit voltages and fill factors of the cells on Ge were usually reasonably high.
The poor photocurrent collection that was consistently observed indicates a need
for improved cell design (i.e., layver dimensions and impurity concentrations i,
a probable problem with minority carrier diffusion lengths in the defected GaAs laver
adjoining the Ge, and possibly some difficulties caused by local inhomogeneities in
the quality (structure and/or impurity content) of the Ge substrates. Also, no
sharply defined preferred temperature range for growth of GaAs cells on Ge sub-

. strates emerged from the Phase 1 studies. The general conclusion is that the
700-750°C range is preferred over higher or lower temperatures, but there was
little hasis for any preference within that range.

2.2.2.3 MBE GaAs Cells on GaAs and Ge Substrates 1

The MBE process was employed in the fabrication of several different experi-
mental cell structures in the Phase 1 program, but most use of this deposition
technigie was in the preparation of GaAs cell structures on both GaAs and Ge single-
crystal substrates. This work is described in the next two subsections.
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2.2.2,3.1 MBE GaAs Cells on GaAs Substrates. At about the time the
modified Phase 1program plan was being developed, the results being obtained in
separately funded work with GaAs solar cell structures prepared by the MBE
process at FRC Thousand Oaks were appearing very encouraging,

It should be noted that the MBE technique had been introduced earlier in the
program as an alternate method for producing a connecting tunnel junction between
LPE-grown GaAf As and GaAs cells in the Task 5 investigations (see Section 2. 5).
It was also examined soon thereatter for possible use combined with the MO-CVD
process Lo produce a hybrid tunnel junction between GaAf As and GaAs cells. That
tunnel junction structure involved an n*GaAs layer deposited by MO-CVD on a
p "GaAs layer grown by MBE, and is described in Section 2,2, 4, 1,

The fourth quadrant of the illuminated I-V curve (AMO simulator) obtained for
a heteroface GaAf As/GaAs solar cell grown by MBE on GaAs at a substrate temper-
ature of ~580°C late in Phase 1 is shown in Figure 36. The observed open-circuit
voltage of 0,94V and the fill factor of 0. 84 indicate the good quality GaAs cells
that were made by this deposition technique, despite the moderate short-circuit
current density (17.2 mA/cm?2) realized. The AMO efficiency of this cell was
10. 1 percent, with no AR coating.

2,2,2,3.2 MBE GaAs Cells on Ge Substrates, The relatively low substrate
temperatures required for growth of GaAs layers by the MBE process make the
technique attractive for use with substrate materials such as Ge., Some preliminary
experimental GaAs cell structures were grown by this technique on Ge substrates
late in the Phase 1 program.

48x10-4
- Pmax
£
g - Voo T0S4V
E Jsc =17.2 mA/cm
£ 24xi04|- FF =084
g n =10.1% (AMO, no AR coating)
c
3 -
|
0
0 05 1.0

VOLTAGE (volts)

Figure 36, Illuminated (AMO simulator) [-V Curve for GaAs Heteroface Solar
Cell (area 0,025 cm2) Grown by MBE at ~5809C on (100) GaAs Substrate
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Initial attempts to produce suitable Gaads lavers by MBE on ctched
p-tvpe Ge wafers were only partially successiul, Subsceqguent attempts, however,
which included hypochlorite opticul polishing ol the Ge wafers followed by € P-}
etehing und an in-chamber sputtering treatment of the substrate at the initial GuAs
deposition temperature (~6109C), produced Guds luvers of excellent quality on Ge,
he film surfaces were mirvor-like and the tilms oxhibited background doping
concentrations ot ~1016 =3, Some of the initial Guys MBE Livers on n-tvpe 1o
Ge substrates were doped scequentially to produce n-p junctions in the deposited
structures. This resulted in the typical series of 1=V traces shown in Figure 57 for
several different itlumination intensities obtained with the microscope lamp.  The
family of curves shown is reminiscent of those typicul of a conventionual junciion
transistor connected in the common-emitter contiguration, with collector current
plotted vs collector-emitter voltage and with buse current as a parameter. (he
variation in level of illumination in the figure would correspond to the parametric
base-current variation for the transistor, )

The spectral response curve for such g structure is shown in Figure 3>, The
general shape of this curve is consistent with that of 4 device made up of an ntiuis ,
region on a pGuAs region adjacent to a pGads-nGe heterojunction.  The pattern of |
maxima and minima superimposed on the Ge portion of the photoresponse is caused
by multiple-beam interference etfects in the thin GaAs laver on the Ge substrate, The
interfringe spacing is related to the GaAs layer thickness while the magnitude of the
fringe peak heights (actually the ratio of adjucent maxima and minimay is a function
of the reflectivity at the Gads-Ge interface and at the air-Gaas interface,

Figure 37, luminated I-V Curves far GaAs n p solar Cell Structure
(area 0.025 em?) Grown by MBE on n-type (100) Ge Substrate, for Several
Different Levels of Humination from Microscope Lamp
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Using the standard expression relating [ilm thickness, film material
refractive index (3.6 for Gaas in this spectral range), and spacing between adjacent
maxinma (or minima) in the interference pattern, it was found that the (calculated)
thickness of the Gas in this sample was 2.2 um, in excellent agreement with the
thickness expected on the hasis of the MBE deposition purameters, Similarly, the
rellectivity at the Gaas-Ge interface was calculated from the ratios of adjacent
maximum and minimum intensities, "normalized® to a single wavelength to remove
the effect of variation in background spectral response with wavelength,  This
cul(-ulu:é‘on led to a value foa the Ge dielectrie constant at A-0.9 pm of
€ Ge NGe 15,673, whereng NGe~ KGer This \'al~ue is in reasonable
agreement with literature values for €, of 15 to 16,5 for this wavelength range,

Additional GaAs cell structures were heing grown on Ge substrates under
various MBE deposition conditions at the conclusion of the Phase 1 program, and

the work is expected to be expanded in Phase 2,

2,2.3 Ge Solar Cells for GaAs-Ge SMBSU's

The two countigurations considered for the GaAs-Ge two-cell SMBSC involve
Iy deposition of an epitaxial Ge solav cell structure on a GaAs single~crvstal sub-
strate in or on which the GaAs cell is formed, and 2) deposition of an epitaxial
GaAs solar cell structure on a Ge single~crvstal substrate having the Ge cell on it
or in it,

One of the main concerns about the first configuration relates to the small
optical absorption coeflicient for Ge in the wavelength region 1.5-1.7um, the
value decreasing abruptly from ~4500 em~lat 1.5 gm to ~30 em~lat 1.7 pm (at
room temperature), Thus, absorption of all or most of the available photons in
this wavelength region would require a large Ge thickness, perhaps too large for
practical growth by the CVD process. On the other hand, the fraction of the total
usable solar photons that is in this band is not large, and it mayv not be practical
to attempt to collect the carriers generated by them even in a bulk Ge solar cell,

This question was addressed in Task 1 of the Phase 1 program, as discussed in
Section 2, 1,2, with the conclusion that the maximum short-circuit current obtain-
ab’e with a Ge solar cell occurs for a thick cell with a back-surface field. Thus,
the second configuration, involving use of a Ge single-cryvstal substrate, appeared
more promising,

Despite these concerns, both configurations received attention in the Phuse 1
program. The first configuration obviously depends heavily on development of
satisfactory procedures for growing epitaxial Ge cell structures on GaAs single-
crystal wafers or films. The second configuration requires GaAs epitaxial cell
structures grown on Ge single-crystal wafers or films, the investigations of
which have been described in part in Section 2,2.2, Relative to the second
configuration, consideration was given to the possibility of using other cell fabrica-
tion techniques than thin-film deposition methods for formation of the Ge cell
structures on which to grow the epitaxial Gaas cells; for example, ion implantation
methods or conventional thermal diffusion of impurities applied to bulk Ge single-
crystal wafers could provide the structures on which to grow the GaAas epitaxial
film cells to achieve tanem cells, Only thermal diffusion was pursued
experimentally in Phase 1, and that only briefly, -

G3




The preparation of Ge =olar coll =lractnre: o0 Vo foca, s 0 Lk
methods . and by thermal ditfusion processes = describen m tie tolheens ree
subsections,

202,38, Ge solar Cell Structures i ¢V Dy

Fhe Gellyp pyrolvsos reaction oo an He altne=ptoro o) ten actatores an e
ranve 2o0=-55000 wis sclected tor use i proaucins Ge tihins by OV Ditee =sodar
cell structures,  Ge deposgition experiments with this process wero heeun in e
Ditth month of the program. emploving g reactor vstem that nad heen desicned

and was mainly used for the growth of GaAs and GaAfAs Do 1o MO=-C\N D pracess,

The first expitaxial Ge p-n junction structures wete 2roan on Gemso sohs U rtes
m this svstem, The n~type luvers were deposited undoped. waten for tie reacton
svstem and Gelly source being used resulted in o bhackpround doping concentration
of 1-3 x 1017 ¢cm=3. 4 relativel Nigh and not satstactory level,  The p=tone lavers
were Ga doped, using "UMG az a dopant source,  Tupicall o0 Uie tunction strsctare -

were grown with p lavers ~1 pm thick and o Lievers ~5 pm thick,

some of these samples were processed into 20 mil x 50 mil mesa diodes

having 25 mil x 25 mil top contacts centrally located,  The davk and iuminited

(microscope lampy [-V curves of one of the carly devices are shown in Figure 34,
The large leakage current typical of these fivst devices is clearly shown, It was
probably associated with the heavy p-type and n-tvpe doping concentrations in the

regions forming the junctions.

Figure 39. Dark and Hluminated (microscone lamp sourced 1=\ Characteristios

of Ge p-n .Junction Mcsa Diode Grown by MO-CVD on Single-crvetal
Ge:Sh Substrate  (Mesa 50 mil x 50 mil. with 25 mil x 25 mil
central contact on top surface)
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Soon alter the=eo il resaits were shlatned, tho raetiy oot
trom one MO=CN D reactor ooanethier one Ui W cpedppees WL e Lo s
troller-, thus permitting better comtron over the e depo-ation conediion- . b aete:
nmine the backgrownd doping concentration et the dfesree of dopin . oncentoats oo
control achievable with the scecond svstem o series of cprlania Nl 0 -vpe o

-

p-lvpe Gie wits grown on highi-resi-tivity =ingoe- o s tas oo s obetrate -

Fhe undoped films were notvpe, o= obtdned i the Tir-U reactor, witn
N~ b x 1010 emTd L I was concluded that the nigh anintentinas doping voneent a-
tion was probably caused by the Gelly source itsclty anfortunately, this ~onree Qus
wis avallable at that time only in relatively poor purity (=009 percentr, Acceeplor
doping was accomplished by the addition of “TMG o the reactant gas strean diring
crowth of the Ge layvers to introduce Gainto the favers-, o had beerndone i thic
other reactor system.  since control of the buckground (i-tvpey doplng voncentii-
tion appeared to be ditficult, at [east for the particular Gelfy source s, it
was planned at that time to prepare some Ge p-n junctions by conventionad thern
dittusion processes for ure in solar cell tabrication. Those eltorts are

described in Section 2.2, 3. 3.

Additional Ge p-n junction structures were srown epitanially on (100 Ge b
single-crystal substrates in the sccond reactor =y stem and processced into
0.5 em x 0.5 em solar cell devices. Iypical dark and light 1=V characteri=tie-
tor these devices are shown in Figure 1o, A microscope lamp wis u=cd lov

Figure 40, Dark and Light (microscope lamp source) I-V Characteristics of Ge
p-n Junction Solar Cell Grown by Gelly Pyrolysis on Single-cry=tal
(100)Ge:Sh Substrate (Cell 005 em x 0.0 om,
with finger-grid top contacts)
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tllumimation,  Phe diodes were again quite Teahy, as shown, probably noain e

to the relatively hich doping concentration in the poavl o lavers forming the juneting,
Not all of the epitanial Ge junction structures were that teadiv g o few ol them exbibited
I-V characteristics as shown in Figure {1, However, the forward voltave of these
diodes was very low, as shown, probably because of a praded junction being formed
rather than an abrupt junction,

In the seventh month of the program the Ge deposition experiments were
transferred from the MO-CVD reactor system to another reactor =yv=tetn — ofe thl
was completely free of Ga and As impurities and used prior o that time onlv tor s
deposition experiments. This was expected to reduce the backpround doping con-
centration found in the Ge lavers by o significant amount.,

The first Ge films grown in this reactor were depos=ited on 1O ohm-cn n-0pe
Ge substrates obtained from Eagle-Picher Co, and polizhed by Rochweil fRO.
Fxpevimental growth of undoped films at ~7507C on these suhstrates resuited in
hoth tilms and substrates that were found to be entivelv p tvpe. It was sus-pected
that these results were manifestations of the thermal conversion proce~s (to B pen
Lknown to occur in high-resistivite n-tvpe Ge exposced to temperatires ahove Tou ¢
for extended periods.,  That this was indeed the case was veriticd by several experi-
ments in which the Ge substrate moterial was cveled o Udepos=ition tempe ratare ="

Figure 11, Dark and Light (microscope lam» source) 1-V Characteristics of Ge
pon Junetion Meaa Diode Grown by Gely Perolysis on single-crvstal
ttomGessh Ssubstreate cMesa S0 nuab <o nal, wath 2o ol o~ 2o ol
contral contact on top surbice)
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of T50Y9C and 6509¢C but without any actual deposition. No conversion of the substrate
veeurred at 63090, and it was also dete rmined that undoped Ge favers that were

also n type could be grown at that temperwture.  dSubsequent Ge CVD experiments
using the Gelly pyvrolysis were thus carried out @ ~6507C. 1t should be noted that
Ge tilms of good quality had been grown by the Gelly process earlier in the program
at higher temperatures — e. o, 35090 — hut because of the combining of Ge and Gads
structures in the sMBSC U is desivable to prepare the structures at lemperatures

as low as possible and avoid disturbing previously prepared impurity distributions,

Deposition of Ge at ~6509C resulted in reduced film growth rates relative w
those achievable at higher temperatures; a masimunt of 400-1000 A/min was
realized. lLayers doped p type by addition of boron, obtained by introduction ot
diborane to the reactunt gas stream, were prepared in o range of impurity con-
centrations (i.e,, carrvier concentrations), DBy alternating undoped (n-typer and
B-doped (p-type) layers it was possible (o prepare several different junction
structures on both Ge and GaAs substrates,  Specilically, p/n Ge struclures were
grown on n-type Ge substrates and on n-type Guads ~ubstrates at ~65309C,  Typically
these structures, cevaluated by van der Pauw measurements of Hall effect and by
spreading resistance probe scans, consisted ol a p-tyvpe top laver 1-5 .m thick
with a hole concentration of 1-4 x 1019 cm=3 and hole mobility of ~200 ¢m? V-~eo
on an undoped n-type layer about 10 pm thick with resistivity the ordey ol
1072 ohm-cm.

Figure 42 shows the reduced-data plot of computer-calceulated resistivin
versus depth into the sample for a double~layer Ge tilm grown by CVD on g sub-
strate of n-type (100)-oriented GaAs:Te at a temperature of ~6700C and analyzed
by the spreading resistance technique.* The plot uses the svmbols "P' o indivate
p-type conductivity and "N to indicate n-type material, information confirmed
separately by an automatic scan of the same sample region with a recovding
thermoelectric probe (data not shown in the figurer.  The raw spreading resistance
(SR) probe scan data are automatically corrected by the apparatus using values
obtained in measurements on single-crystal standard bulk samples of known
resistivity and the appropriate crystallographic orientation. Corrections are also
automatically included for the finite sampling volume of the double probe. The
scan is made on a beveled surface, in this instance a plane at an angle of 0.01 vad
(~0, 3 deg) helow the top surface of the sample. with 10 ym distance (along the
beveled surface) between successive readings,

The first-grown layer of this sample was undoped (n-type) Ge of nominal
thickness 7.5 pmy the SR scan, which was not carried completely to the Ge-GaAs
interface, indicates a thickness of something in excess of 5 pim and a resistivity
0f ~0.025 ohm-cm. The sccond layer was B-doped {from Ballg) durving growth
and had a nominal thickness (from known growth rate datay of ~5 pm; the SR scan
shows t = 5.0 pm and a resistivity that varies from ~0.015 ohm-cem at the inter-
face to ~0.005 ohm-cm al the surface of the sample.

+Spreading resistance measurements wore made by Solecon Laboratories, Ine.,
Costa Mesa, CA.
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Similar measurements on the Ge CVD layers grown on high-resistivity n-tvpe
Ge substrates confirmed the thermal conversion to p type of that substrate material
when the film was deposited at 7509C but its remaining n type when the film was
deposited at 650-660C. The SR technique was found to be a useful method of
measurement for certain types of sample that are not conducive to other techniques
of conductivity-type determination or transport property measurement,

The as-grown Ge layer surfaces on some of these samples were not very
smooth and reflective, as if the (100)-oriented substrate growth surfaces had
been improperly cleaned or somehow contaminated after placement in the deposi-
tion chamber. This applied to films on both Ge and GaAs substrates. Conse-
quently, the substrate cleaning procedures were carefully reviewed, the reactor
svstem was checked thoroughly for leaks, and a brief examination of the effects
of substrate crystallographic orientation was made to attempt to identify the cause
of the relatively poor surface quality.

the cleaning procedures were judged adequate aind no system leaks were
tound, However, when a (111)-oriented Ge substrate was included along with the
lan-nriented Ge substrate in one of the experiments, the resulting Ge laver on the
1ih ubstrate was relatively smooth and highly reflective, and for a measured
. oncentration of 1 x 1019 ¢m-3 exhibited a hole mobility of 685 cm2/V-sec.
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over twice as high as any obtained in similarly doped p-type lavers at anv time
earlier in the program.

[t thus appeared that the pyrolysis process used for growing p-n junction
structures in Ge by CVD was capable of producing material with properties adequate
for solar cells. However, even at deposition temperatures as low as 650°C thermal
type conversion of the 8-10 ohm-cm substrates was found to occur occasionally,
depending primarily on the length of the deposition experiment. [t was also found
that Ge deposition in this lower temperature range often resuited in layers that
were quite mottled in appearance for growth on both (100)Ge and (100)GaAs sub-
strates, as if some contaminant had remained on the substrate surface prior to
the deposition and despite the careful cleaning procedures used. Reducing the .
deposition rate (to ~500 A/min) by decreasing the reactant concentrations :
improved the general appearance and the surface morphology of the film ‘o some
extent,

The photovoltaic performance of some of the Ge solar cell structures made
by these CVD techniques was evaluated. The cell structures were grown on n-t\pe
single-crystal substrates of (100)Ge:Sb and (100)GaAs:Te. The p-type Ge lavers
were B-doped (from Bgllg) and typically 1-5 um thick; the n-type layers were
undo%ed and typically ~7 pm thick. This group of structures had heen grown at
~6807C by Gelly pyrolysis in H,.

The composite wafers were processed either into 50 mil x 50 mil mesa
diodes, with 25 mil x 25 mil top contacts, or into the conventional arrays of
0.5 cm x 0.5 cm individual cells using the standavd solar cell contact pattein
previously described. In-Au was used for the p-type contacts and Sh-Au-Ni for
the n-type contacts.

The dark and illuminated [-V curves of a {ypical 50 mil x 50 mil Ge me=sa
diode grown on a GaAs substrate are shown in Figure 43. Under the illumination
of the microscope lamp the I-V curve shifted as shown, and the I, is ~20 pA,
The p-type Ge layer of this sample was ~5 um thick,

The [-V curves for one of the 0.5 ¢cm x 0.5 cm Ge cells grown on a Ge sub-
strate are shown in Figure 44, This cell structure had a B-doped p-type Ge layer
1 pm thick on the n-type Ge substrate. The Ge deposition rate for this sample was
slower than that of the structure represented in Figure 43. l.arge leakage currents
are evident in both cells.

Fortunately, n-type Ge substrates of much lower resistivity (~0.03 ohm-cnm)
became available at that time and they were then used for the subsequent Ge deposi-
tion experiments, This allowed deposition temperatures of up to ~750°C to be used
and this change immediately led to the growth of clean, smooth and highly reflective
Ge films on both Ge and GaAs substrates. Measured electron mol;)ilities
(van der Pauw method) in the films also increased, from ~ 300 ecm=/V-sec for
undoped n-type films grown at 650°C to ~100 cm2/V-sec for filns grown at 7500C
(electron concentration ~3 x 1018 ¢m=3 in each case).
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The success in achieving smooth and reflective Ge CVID layers by growth at
higher temperatures (2750°C) led to efforts devoted to obtaining increased layer
growth rates and suitable impurity concentrations at the higher deposition tempera-
tures, along with the improved surface morphology that results in that temperature
range.  The latter is important because of the need for subsequent growth of GaAs
layers and/or the recuirements of device processing and contacting.

Undoped CVD Ge films grown on Ge substrates at ~750°C at rates of
100-500 X /min were found by spreading resistance measurements to be n type,
with resistivities typically in the range 0.01-0.1 ohm-cm. However, similar films
deposited on GaAs single-crystal substrates generally were p type, with resistivities
typically ranging downward from 0.1 ohm-¢m, the value depending upon the length
of the deposition run, Spreading resistance data for two of these undoped Ge films
grown in separate experiments on n-type (100)Ge:Sh substrates at ~750°C are shown
in Figure 15,

The Ge film grown in a 60 min deposition experiment at 750°C (Figure 15a)

showed a uniform n-type resistivity of ~0,02 ohm-cm as a function of depth into

the film except for a narrow region of slightly higher resistivity near the initial

growth interface. The film grown at ~7609C in a 230 min deposition run (Figure 45b) ‘
was also n type over most of its thickness, with a resistivity of 0.02-0.03 ohm-cm
in that range. However, in a region about 3 um thick adjoining the growth interface J
the film was p type, as shown in the figure. The Ge {ilm grownon semi-insulating !
(100)-oriented GaAs simultaneously with the film of Figure 45a was p type throughout ]‘
the upper half of its thickness, but in a 3~4 um region nearest the GaAs substrate f
it was alternately n and p type. The Ge film grown on GaAs simultaneously with 1
the film of Figure 15b was p type throughout its thickness, although of rather ]
erratically varying resistivity. i

These results were interpreted in terms of an acceptor impurity entering the
Ge film during growth — presumably Ga available in excess at the surface of the
GaAs substrate due to As loss while the substrate was maintained at the relatively |
‘ high deposition temperature. Relatively thick (i.e., 210 pum) Ge films grown under |
the above conditions (~7500C, ~400 A/min growth rate), although fairly smooth |
and reflective in overall appearance, were found by SEM examination to contain i
sparsely distributed large rectangular pits typically 10 uym x 30 um in size. Energy- |
‘ dispersive x-ray analysis in the SEM established that these pits contained large
concentrations of Ga metal, tending to confirm the above speculation about doping
of the Ge films. A Ge film of comparable thickness deposited on GaAs at a lower
temperature (650°C) to reduce the formation of free Ga at the growth interface did
result in an n-type Ge film, but the surface was so strongly faceted crystallo-
graphically that it was judged unsatisfactory for device processing.

Attempts were then made to increase the Ge deposition rate significantly to
minimize the Ga doping effect for growth on GaAs substrates. Undoped films were
deposited at rates from 1500 to 3000 A/min, and these were indeed found to be
n type throughout. However, the surfaces were again very strongly faceted, with
some facets having lateral dimensions of 4-6 um. These results pointed out the
difficulty in achieving simultaneously the desired conductivity type, recistivity, and
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Figure 45. Spreading Resistance Data for Undoped Ge Films Grown by CVD
on Single-crystal Substrates of n-type (100)Ge:Sb in Two Separate
Deposition Experiments, Showing Effects of Possible Ga Doping

of Ge Films; a) Deposition Temperature 750°C, Deposition
Time 60 min; b) Deposition Temperature ~760°C,
Deposition Time 230 min
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surface morphology in Ge tilms deposited on Gaas substrates, Good epituxial growth
and good surface morphology are best obtained at higher deposition temperatures,
while As loss from the substrate (with the attendunt liberation of Ga) is minimized at
tower temperatures. It is probuble that further investigations at lower Ge deposi-
tion emperatures will be required to establish suitable growth conditions if the
two-cell SMBSC is to be prepured by CVD growth on a GaAs substrate,

Most of the Ge CVD work thus continued to involve Ge substrates. Several
deposition experiments were carried out at 800°C, at which temperature very good
quality epitaxial growth is expected for the Gelly process. The anticipated improve-
ments in film perfection and surface smoothness were obtained. Further, more
efficient incorporation of B dopant (from Bolg) is realized at 800°C than at lower
temperatures, for a given concentration (i.e., flow rate) of the dopant gas.
Unfortunately, however, some disadvantages also accrue. In particular, evidence
was found that sb from the 0.02-0.03 ohm-c¢m n-type Ge substrate diffused into
the growing Ge film at 800°C, resulting in a graded net impurity concentration
profile in the doped p-type film in ihe region nearest the Ge substrate.

Figure 46 shows the spreading resistance scan obtained on one such sample,
in which the B-doped Ge film was deposited at 800°C onto an n-type Ge:Sb substrate
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Figure 46. Spreading Resistance Data (as function of depth) for B-doped
p-type Ge Film Grown by CVD at 800°C on Substrate
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in a run that continued for 4-1/2 hr (growth rate ~180 A/min). The gradual increase
in resistivity of the p-type film from a depth of ~3 .m below the surface to the
initial growth interface at a depth of ~12 um is consistent with a uniform vapor-
grown B concentration profile and a typical diffused Sb profile compensating it from
the interface outward. Fortunately, significantly higher deposition rates can be
obtained at 800°C so that it is possible to obtain a doped Ge film of adequate ihick-
ness in several minutes of growth time, thus reducing the severity of the Sb out-
diffusion problem.

Since the most likely configuration for the two-cell GaAs-Ge SMBSC involves
a pGe/nGe CVD structure on an n-type single~crystal Ge substrate (see
Section 2.2.5), most of the Ge CVD experiments in the remainder of Phase 1
involved that configuration, Furthermore, because of the good surface morphology
obtained for growth at 800°C, that was the temperature consistently employed.
Typical deposition rates ranging up to 0.7 um/min were obtained, thus permitting
growth of a 1-2 pm p-type (B-doped) Ge layer in 1.4 to 2.9 min, a time sufficiently
short to keep Sb out-diffusion at an acceptable level, Although various cell
processing difficulties related to contact definition continued with these Ge structures,
numerous samples grown at 800°C at the higher growth rates were processed into
0.5 cm x 0.5 cm cells; and encouraging results were achieved. Typical structures
involved p-type B-~doped Ge CVD layers on n-type (0.02-0.03 ohm-cm) single-
crystal (100)-oriented Ge substrates. Microscope lamp illumination and mechanical
probe contacts were used for rapid screening of the cells.

The I-V curves obtained for one such cell structure are shown in Figure 47.
This cell consisted of a p-type B-doped layer (p~ 4 x 1018 em™3) ~ 2.5 pm thick
grown at a deposition rate of ~1900 A/min at 800°C on the n-type Ge:Sb substrate.
Although very high series resistance and junction leakage are much in evidence
for this cell, the observed open-circuit voltage Ve of 200 mV and the short-
circuit current density Jgc of ~35 mA/cm? are much improved over the corres-
ponding parameters obtained for previous Ge cells made by CVD but at much lower
deposition rates and lower growth temperatures. (Cf Figure 44,) This encouraging
result provided the impetus for further development of this CVD procedure for
making Ge cells for the SMBSC and for pursuing the specific two-cell structure
discussed in Section 2, 2. 5.

To this end a new ultrahigh-purity Gelly source tank was obtained from Ideal
Gas Products, Inc. (Edison, NJ), late in Phase 1 and was used in the preparation
of a number of p/n Ge film structures on single-crystal Ge substrates. The Geliy
was described by the manufacturer as the highest purity available and was obtained
in 5 percent concentration in Hp. After a preliminary checkout run, a series
of experiments was done in which Ge cell structures consisting of ~2 um p-type ]
(B-doped) layers on ~10 um n-type (undoped) layers were grown on low-resistivity ‘
(~0.02-0.03 ohm-cm) n-type single-crystal (100)Ge substrates. All of the layers
were grown at ~800°C at growth rates or either ~0.7 or ~0.13 pm/min, the rate
determined by the concentration (i.e., flow rate) of Gelly in the Ho carrier gas
stream. :
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Figure 47. Dark and Illuminated (microscope lamp) -V Curves for Ge
p-n Junction Solar Cell (0.5 cm x 0.5 cm) Formed by p-type B-doped
Ge Deposition (CVD) on n-type Ge:Sb (0.03 ochm-cm) Substrate
at 800°C at Rate of ~1900 &/min

The undoped n-type base layers of these cell structures typically exhibited
a continuous gradation in electron concentration (actually in resistivity, as measured
by a spreading resistance probe scan as a function of depth into the layer). The
values ranged from ~1 x 1017 cm™3 at the film-substrate interface (corresponding
to the substrate resistivity of 0.03 ohm-cm) to ~2.5 x 1016 cm=3 (~0.1 ohm-cm)
at~7 um from the interface and ~5-6 x 101° cm=3 (0.3-0.4 ohm-cm) at ~10 um
from the substrate surface. It thus appeared that the background (donor) doping
concentration of the Ge CVD system with the new source was something less than
5 x 1015 em=3 for growth at ~8000C. The results also indicated that Sb diffusion
from the substrate into the undoped Ge CVD layer was still occurring during the
growth process despite the relatively high deposition rates employed, and thus
strongly influenced the properties of the n-type layers. Unfortunately, this
apparent gradation in base-layer impurity distribution was not in the proper con-
figuration for field-enhanced carrier collection when the structure was operated
as a solar cell.

The 2 um p layers were grown with a range of a factor of 25 in the diborane
(BaHg) concentrations added to the Gell4~in-Hg gas stream. IHowever, the cor-
responding measured hole concentrations in the top layers were found to vary by
a factor of less than 10, indicating a sublinear relationship between acceptor dopant
addition and effective carrier concentration (active impurity concentration) in this
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vperating range, Spreading resistance scans on several of the structures indicated
that the 2 pm p layers hud regions probably about 0.5 pm thick at the junction in
which there was significant reduction in the net hole (and thus the net B impurity)
concentration,  This could have been the result of continued diffusion of the Sb

(ur other unidentified donor) from the n layer and substrate, although the observed
effect might also have been an artifact of the method of measurement related to
probe size and the various corrections involved in the spreading resistance
technique.

Several of the Ge cell structures were processed into 1.6 mm x 1.6 mm
mesa-type cell arrays at Thousand Oaks, using nominally the same processing
sequence as was used earlier in preparing 0.5 cm x 0.5 cm Ge solar cells at
Anaheim. These cells, along with several others processed at the same time in
samples that had been grown earlier using the original (lower purity) Gel; source
material, were characterized by dark and illuminated I-V measurements and
spectral photoresponse measurements. Table 4 lists the principal deposition
parameters, materials properties, and device characteristics of a number of these
cells,

The principal distinction between these small-mesa cells and those fabricated
earlier in the 0.5 cm x 0.5 cm size is that the smaller cells were characterized
with unalloyed contacts. Due to unidentified difficulties in the contact alloying
procedure, the alloying resulted in severely degraded cell performance whereas,
of course, just the opposite effect should occur. The problem is illustrated for
Ge cell samples 73 and 79 in the table, where measurements are given for both
unalloyed and alloyed contacts. In both cases significantly lower Vge, Jg¢, and
fill factor values were found after the alloying procedure, which consisted of
P heating the sample at $00°C in Ho for 2 min,

In general, the V. values obtained for simulated AMO illumination with these
cells were lower than desired; open-circuit voltages of 250 mV or more should be
achievable with Ge cells having good junction characteristics. llowever, as the
above discussion of Ge layer growth indicates, the junction properties were known
to be less than optimum in these structures — including those in which the active
junction was formed at the interface between a deposited p layer and an n-type
substrate wafer., The largest V. value observed for these cells — about 190 mV —
should probably be viewed as acceptable for the junction quality represented. It
seems certain that modifications could be readily introduced into the layer growth
procedure to improve this parameter.

The maximum possible light-generated short-circuit current density that
could be expected for Ge under AMO illumination, with no reflection losses and
100 percent collection efficiency, is in the neighborhood of 75 mA/cm2. (The cor-
responding value for Si cells is ~55 mA/cm2.) Short-circuit current densities
as high as 33 mA/cm? were obtained with these Ge cells, about 11 percent of the
theoretical maximum. This is almost the same fraction of the maximum possible
photogenerated current density as that often seen in production-model Si solar cells
that are not optimized for maximum short-wavelength performance, and thus appears
relatively good. In fact, most of the tabulated Jg. values exceed 25 mA/cm?2, a
reasonable JSC in view of the deficient infrared output of the KIH lamps used in the
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AMO simulator* and the lack of an AR coating on the Ge to reduce the large
(~36 percent) retlection losses typical of this material.

The first two samples listed (78 and 75) were grown using the original lower-
purity Gelly source tank, and consisted of B-doped p-type layers grown at ~»00°C
on n-type (100) Ge substrates of 0.03 ohm-cm resistivity. These cells exhibited
the largest Vi values and fill factors of the group; although one of them had a high
Jse (32 mA/em2) the other had the lowest Jg. of the group. There were differences
in the growth rates and the hole mobilities of the p layers for these two samples,
but there does not appear to be an obvious explanation for the greatly reduced Jg.
for cell 73-11,

Oluminated (AMO simulator) and dark [-V curves for the best cell (75-7) of
the group are given in Figures 18 and 49, respectively, The illuminated -V curve
clearly shows the poor curve shape (fill factor = 0,60). The cell efficiency of
2.7 percent increases to about 4.2 percent if allowance is made for the reflection
losses. Another piece of this same Ge structure (sample 75) was processed earlier

*ELH lamps (manufactured by General Electric) have built-in dichroic reflectors
that absorb some of the long-wavelength radiation as a means of reducing heating
effects during illumination.
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Figure 48. Fourth Quadrant of Illuminated (AMO simulator) I-V Curve
for Ge CVD Cell No. 75-7, Grown at~800°C on (100)-oriented n-type
0.03 ohm-cm Ge Substrate Waler (Cell size 1.6 mm x 1.6 mm)

78




10

CURRENT (amperes)

10

l |
0 0.1 0.2 0.3

VOLTAGE {volts)

Figure 49. Dark Forward I-\ Curve for Ge CVD Cell No. 75-7

in the program into 0.5 ¢m x 0.5 em cells and characterized with microscope lamp
(tungsten filament) illumination and mechanical probe contacts.  The illuminated
[-V curve so obtained for one of the cells in the arrvav was shown in Figure 17 and
exhibited a Ve of ~200 mV and a Jg¢ of ~35 mA /em? for that high-intensity
illumination. Very high series resistance was indicated for that cell, with a {ill
factor much lower than that shown in the AMO curve in Figure s,

Figure 50 shows the measured spectral photoresponse curves for the best
(75-7)y and the poorest (73-11), as determined by Jg values, of the cells listed
in Table 4., The curve shapes are quite similar, particularly at the long-wavelength
end (A > 1.2 umj. The strong peak at ~1, 54 pm and the weaker one at ~1.39 um
may be associated with the output spectrum of the tungsten lamp source in the
spectrophotometer used for the measurements and with tle fact that there had been
no calibration of the apparatus in the wavelength range A > ~1 ym to assure uniform
photon flux per unit spectral bandwidth., Also suspect is the fact that the respense
plummets at wavelengths significantly shorter than that of the Ge bandedge
(~1.7-1.8 um). Clearly, however, the major difference in the two cells in in the
magnitude of the short-wavelength response and in the integrated areas under the
curves, i.e., in the short-circuit current densities.
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Figure 51 shows the tlluminated (AMO simulatory -V curves for cell 79H-4
before and after alloving the contacts.  This cell structure consisted ol a 1.~ .m
p laver on a 10 pm undoped n laver, both grown at a rate of 0.6-0.7 pmmin on an
n-type Ge substrate. Belove alloyving, the cell had a Vi, value of 129 m\Vy after
alloving it had decreased o 111 mV. The short-circuit current density, a re=pect-
able 27.5 mA em? betore altoving, decreased drastically to 14,9 mA /em> as a
result of the alloying procedure.  The till factor, poor to start with, was only
moderately affceted by the alloving.

Another — anc unexpected = result of the contact alloving pracedure was the
occurrence of a slow increase in the short-circuit current beginning immediately
upon exposurce to illumination.  The rise time ol the transient phenomenon was
>10 sece. The extent of the effeet is shown in Figure 52, which is a 20 sec time
exposure of the illuniinated -\ curve trace begun~0. 5 see after the sample was
initially exposed to the simulated AMO illumination.  Additional visual observation
of the curve trace behavior during this transient period revealed that a steady state
wis reached in ~15 see. This effect was noted for hoth samples (73-11 and 749-49,
after alloying, but was not apparent with them ov any of the other samples in the
unalloyed condition.  The phenomenon was tentatively att-ibuted to the filling of very
slow traps introduced in some wayv by the alloying process.
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In summary, it can be stated that the results obtained with CVD growth of Ge
solar cell structures improved markedly when the deposition work was transferred
from a GaAs MO-CVD reactor system to a system that had previously been used
only for Si CVD, and again when low-resistivity n-type Ge substrates became
available so that higher deposition temperatures (up to 800°C) could be used. The
accompanying use of increased deposition rates (up to 0.7um /min) allowed suffi-
ciently short growth times that the problem of Sb out-diffusion from the substrates
was significantly reduced, but it is clear that intentionally doped n-type layers —
rather than the nominally undoped n-type layers used to date — must be employed
to improve the photovoltaic properties of the CVD Ge cells. In addition, relatively
minor changes in cell design parameters — in particular, layer dimensions and layer
doping concentrations — should result in significant improvements in cell perform-
ance, Also, modifications in the cell contacting procedures (especially the contact
alloying schedules) are required to allow maximum device performance to be
achieved for any cell design employed. These improvements will be sought in
the Phase 2 investigations of CVD Ge cell structures.

2.2.3.2 Ge Solar Cell Structures by MBE

The first Ge solar cell siructures made by the MBE process in this program
were prepared near the end of Phase 1. One GaAs-Ge two-cell SMBSC configuration
of potential interest involves n* layers deposited on p-type material, the opposite
polarity of conventional window-type GaAs cells. This configuration is of interest
because of the high diffusion rate of As compared with that of Ga in Ge, leading to
the presence of an nt region in that portion of the Ge adjoining the GaAs-Ge inter-
face, The resulting structure is a two-junction analog of the high-efficiency front~
surface-field GaAs cell reported by Bozler et al (Ref 9).

As the first step toward fabrication of such a structure, As-diffused Ge solar
cells were made by the MBE process and evaluated. A layer of As of suitable thick-
ness was deposited on a p-type Ge substrate in the MBE system and subsequently
held at elevated temperature to induce As diffusion into the (100)Ge substrate. Dark
and illuminated I-V curves (at several intensities of illumination) for one such cell
are shown in Figure 53, and a typical spectral photoresponse curve for another
of these cells is shown in Figure 54.

This gereral procedure for preparing Ge cell structures by the MBE process
was used further in the Phase 1 program in the fabrication of two-cell stacked
structures of GaAs and Ge, as described in Section 2.2.5.

2.2.3.3 Ge Junction Structures by Thermal Diffusion

As indicated earlier, the possibility of preparing Ge junction structures for
solar cell fabrication by means of conventional thermal diffusion of appropriate
doping impurities into bulk (or thin-film) Ge was examined briefly in Phase 1 of this
program. Although thermal diffusion is attractive from the point of view of low cost
and scalability to large quantities of samples, diffusion of acceptor impurities into
Ge is not a widespread contemporary technology.
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Figure 53. Dark and Illuminated (microscope lamp) I-V Curves for Solar Cell
(area 6.6 x 10~3 cm2) Formed by Diffusing MBE-deposited As into p-type
(100)Ge Substrate, Showing Effect of Variation of Incident Intensity
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Figure 54. Relative Spectral Photoresponse for n/p Ge Solar Cell
Made by MBE Deposition of As onto p-type (100)-oriented Ge
Substrate Wafer Followed by Thermal Diffusion of the As
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A relatively simple approach was proposed, involving the use of doped
"spin-on' oxides — primarily SiO», Spin-on oxide sources were obtained (Emulsitone
Corp.) with acceptor impurities of B and Ga for use in forming p-n junctions in n-type
Ge wafers and/or films. The first attempts to achieve doping of Ge were not success~
ful, however. The spin-on diffusion sources are designed primarily for use in dop-
ing Si and essentially no data was available from the manufacturer concerning their
possible use with Ge. After some preliminary experiments with Si, several attempts
were made to obtain boron diffusion from an oxide source into Ge bulk erystal mate-
rial. The lack of success was attributed primarily to the fact that the boron diffusion
coefficient in the oxide at temperatures usable with Ge (which melts at ~940°C) is too
low to produce an acceptably high surface impurity concentration Cg at the Ge surface
for satisfactory doping.

Consequently, a Ga spin-on diffusion source was tested. Calculations indicated
a maximum possible Cg in this case would probably be in the range 5 - 9 x 1017 em-3,
For a lightly doped n-type Ge substrate this might be sufficient for diffusion at ~850°0C,
but if less-than-optimum conditions prevailed then lower Cg values would be achieved
and it might be impossible to produce a p-type region of acceptable properties.

The first experiments conducted with the Ga source were inconclusive. The
only high-resistivity n-type Ge available at the time was the same 10 ohm-cm
material that was used for the Ge CVD experiments described earlier, and thermal
conversion of this material made it impossible to delineate a diffused junction any-
where below the surface by the usual staining or probing techniques. When relatively
heavily doped (low 1017 ¢cm=3) n-type Ge wafers were used, again no diffusec n-type
region could be delineated-~presumably because insufficient Ga had entered the
lattice from the spin-on source.

Subsequent experiments, however, produced the desired results. A single-
crystal substrate of n-type high-resistivity Ge was first coated with the Ga-doped Jf
spin-on oxide (SiOz). The coated wafer was then heated at 850°C for 5 hr in a He 1
atmosphere to diffuse the Ga impurity into the Ge. The results obtained are shown :
in Figure 55, which shows spreading resistance data obtained on this sample. A i
well-defined p-n junction is found at a depth of 2.0Mm, with the uniform resistivity !
of the n-type substrate delineated at greater depths and a typical diffusion profile |
shown by the resistivity scan through the surface layer. An indicated surface )
impurity concentration of ~1020 ¢m=-3 and junction depth of 2.0¥ m are commen-
gurate with a diffusion coefficient of ~5x10~12 cm2/sec, values comparable with
literature values for Ga diffusion in Ge. .

2.2.4 Connecting Intercell Junction Structures for GaAs-Ge SMBSC's

Several approaches were undertaken to solve the problem of the required
high-conductivity connecting junctions between cells of the various SMBSC configu-
rations included in the Phase 1 program, For the GaAs-Ge two-cell SMBSC it
would be possible to form such a junction in either the GaAs or the Ge, although
the former is preferable to allow as much as possible of the low-energy solar
radiation that penetrates the GaAs cell unabsorbed to generate potentially collectible
charge pairs in the low-bandgap Ge cell, No attempts were made during the Phase 1
program to form low-resistance tunneling junctions in Ge, although that possibility
may be examined in Phase 2 if it appears justified.
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Figure 55. Spreading Resistance Data for n-type Ge Single-crystal
Wafer with p-n Junction 2.0um Deep Formed by Diffusion of Ga at
850°0C for 5 hr in He, Using Spin-on Oxide Diffusion Source

The formation of conducting junctions in GaAs received considerable attention

in the Phase 1 program, primarily by means of the MO-CVD technique but also by
MBE methods. Although much of the work was done for the purpose of achieving
connecting junctions between GaAfAs and GaAs cells (Tasks 4 and 5, Sections 2.4
and 2,5), all of the investigations of tunneling junctions in GaAs are described
here.

2.2.4.1 GaAs Tunneling Junctions by MO-CVD

Early in the program a series of p*/nt double-layer GaAs structures was
grown by MO-CVD on both GaAs and Ge single-crystal substrates. These configu-
rations were prepared for evaluation for possible use as the conducting tunnel
junction between cells in the GaAs-Ge SMBSC. Zn and Se were used as the doping
impurities for the p* and n* layers, respectively. Structures were grown at both
700 and 7500C. Small-area mesa devices were formed for evaluation,
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The structures on GaAs substrates were grown at temperatures of 750, 700,
680, and 650°C; each consisted of a GaAs:Zn epitaxial p* layer grown on an n*GaAs:Se
layer that was grown on an n-type (100)-oriented GaAs:Si substrate. The wafers
were processed into 25x25 mil mesa diodes using the Cr-Au contacts as etching
masks. The diode I-V curves showed evidence of an increasing doping concentration
at the junction for decreasing growth temperature., The structures grown at 650°C
produced good tunnel diodes having I-V characteristics such as that shown in
Figure 56.

One of the GaAs tunnel diode structures grown at 650°C was subsequently
annealed at the same temperature for 30 min to simulate thermal conditions that
would exist during MO-C VD growth of a GaAfAs/GaAs solar cell structure on the
epitaxial GaAs tunnel diode. This structure was processed into 25 mil x 25 mil
diodes and characterized. It was found that all of the devices exhibited "backward
diode' rather than tunnel diode I-V characteristics. It was not known at the time if
the subsequent elevated-temperature processing had caused the lack of tunneling
behavior,

After rechecking proper deposition conditions for GaAs (as well as GaAlAs)
film growth at 700°C, since the preliminary experiments had shown that GaAs tunnel
diode structures should be deposited at temperatures lower than those normally used !
(i.e., ~750°9C) for GaAs growth, additional tunnel junction structures were prepared. ‘
Shortly thereafter (in the eighth month of the program) the first GaAf As-GaAs two-
cell SMBSC structures (see Task 4, Section 2, 4) were grown by MO-CVD, with the
GaAf As cell and the GaAs cell connected by an n+—p+ junction structure either in
GaAf As or in GaAs. An example of each was grown, although only the structure

Figure 56, Tunneling -V Characteristic for 25x25 mil Mesa Diode in
p GaAs:Zn/n*GaAs:Se Epitaxial Structure Grown by MO-CVD on
nGaAs:Si Substrate at 6500C
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with the connecting junction in the GaAs exhibited tunneling properties. Further
discussion of the properties of those particular structures is given in Section 2, 4,

A subsequent group of tunnel junction structures was prepared at lower deposi-
tion temperatures of 630 and 650°C, with n*/p* structures consisting of
GaAs:Se/GaAs:Zn and pt/n* structures consisting of GaAs:/”n/GaAs:Se. The n"/p*
devices were grown at both 630 and 650°C, and the layers were each ~0.6 pym thick.
The samples were processed into mesa diodes of the customary dimensions (0.050 in
X 0.050 in) and had the usual 0.025 in x 0.25 in Cr-Au contacts on the n* top layer.

I-V characteristics of two representative n*/p* devices deposited at ~650°C
and ~6300C are shown in Figures 57 and 58, respectively. Diodes grown at 650°C
showed a weak tunneling current component in the characteristic, as seen in
Figure 57. However, those grown at ~6300C (Figure 58) exhibited almost a linear
I-V curve, indicating that the doping concentrations on both sides of the junction were
so high that tunneling occurred even at bias voltages near zero, It can be seen from
Figure 58 that the device had a voltage drop of ~0, 150V for a current density of
~3A/cm?, This conductivity is more than adequate for a layer to be used as an inter-
cell connection, so it appeared that the necessary parameters for joining the two cells
in this SMBSC structure could indeed be achieved by growth at relatively low
temperatures--an important requirement, The extent to which these tunneling struc-
tures would be consistently preserved during subsequent higher-temperature growth
of GaAs and/or GaAf As cells in a tandem stack, however, remained to be established.

Figure 57. I-V Characteristic of GaAs:Se/GaAs:Zn n*/p* Tunnel Junction
Structure Grown by MO-CVD at ~650°C on GaAs Single-crystal Substrate
(Mesa dimension 0. 050 x 0,050 in)
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Figure 58, I-V Characteristic of GaAs:Se/GaAs:Zn n’L/pJr Tunnel

Junction Structure Grown by MO-CVD at ~630°C on GaAs Single-crystal
Substrate (Mesa dimension 0.050 x 0. 050 in)

A somewhat different n*/p* GaAs tunnel structure was also grown at about the
same time, this one involving an n* GaAs:Se layer deposited by MO-CVD at ~630°C
on a p* GaAs:Be layer grown by MBE, The p* (~1x 1019 cm-3) layer was ~1 um
thick and was deposited on a GaAs:Cr single-crystal substrate; the MO-CVD n* layer
(1-2 x 1019cm=-3) was ~6. 0 um thick. Mesa diodes (0. 050 in, x 0, 050 in. ) were fab-
ricated in the sample by carefully etching down to the thin pt layer. Top contacts were
the usual 0. 025 in. x 0,025 in, square pads of Cr-Au. The p* Be-doped layer was
also contacted by 0. 025 in. x 0,025 in, pads of Cr-Au.

The 1-V characteristic of a typical device on this sample is shown in Figure 59,
and the dark log I-V curve for one of the devices on this sample is shown in Fig-
ure 60. There is a sufficient valley-current component from interface-state tunneling
to convert the negative-resistance region to one of constant current independent of
voltage in the range 0,1-0,2V. The I-V curve is not as good as that of the n*/p*
structure of Figure 58, which was also grown at ~630°C, but the results did demon-
strate that useful tunnel structures could be prepared by the combination of MO-CVD
and MBE processes and that the abrupt n* /p* interface apparently remained after
more than 30 min at the MO-CVD growth temperature, This property results from
the low diffusivity of both Be and Se as impurities in GaAs and may be important to
preserving good tunneling characteristics in structures during subsequent growth of
the top cell in tandem cell assemblies.
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Figure 59, I~V Characteristic of n+/p+ GaAs:Se/GaAs:Be Hybrid Tunnel
Structure Made by Growing MO-CVD Layer on Previously Grown MBE
Layer on Single-crystal GaAs Substrate
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Figure 60. Dark Log I-V Curve for Hybrid MO-C VD/MBE n*GaAs/p” GaAs
Tunnel Junction Structure on GaAs Substrate
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Figure 61 shows the log I-V curve for a more heavily doped tunnel junction
structure prepared entirely by MO-CVD, An n* GaAs layer (Se-doped, ~2x1019 cm-3)
was grown to a thickness of ~0.6 um onto a p* GaAs layer (Zn-doped, ~5x1018 cm-3)
grown to a thickness of ~1,5 um on a p~type Zn-doped (~1018 cm~-3) GaAs substrate.
The I-V characteristic is seen to be essentially ohmic over the entire range
examined. Such wide-range ohmic behavior is probably attributable to the heavy
doping used in both layers.

A comparison of the slopes of the forward characteristics for equal-area mesas
of the two structures of Figures 60 and 61 shows little difference for currents below
about 4x10-3A, For the mesa areas used (0.015 cm?) this corresponds to a current
density of ~0, 27 A/cm2, alevel well above that attainable in a solar cell under 1-sun
AMO conditions, The contact resistance for these tunnel junctions was calculated to
be <0.023 ohm-cm? and appears to be nearly independent of doping level in the range
of current densities of interest for 1-sun SMBSC applications.

An I-V characteristic typical of the p*/n* GaAs:Zn/GaAs:Se tunnel diode

F structure grown at ~630°C is shown in Figure 62, As before, mesa diodes

' 0. 050 in. x 0,050 in, were fabricated, with Cr-Au contacts to both regions, The
electrical behavior observed in this structure was similar to that found for the

nt /pt MO-CVD structure grown at ~650°C (Figure 57) but superior to that obtained
with a similar p*/n+ structure grown at ~6500C,

Application of these GaAs tunneling junctions made by MO-CVD to the prepara-
tion of two-cell GaAf As~-GaAs SMBSC's is discussed in Sections 2. 4.2 and 2. 4. 3.
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Figure 61, Dark Log I-V Curve for n'GaAs /p+GaAs Tunnel Junction Structure
Grown Entirely by MO-CVD on GaAs Substrate
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Figure 62, [-V Characteristic of p+/n* GaAs:Zn/GaAs:Se Tunnel Diode
Structure Grown by MO-CVD at ~630°C on Single-crystal GaAs Substrate

2.2,4.2 GaAs Tunneling Junctions by MBE

Some preliminary experiments on the formation of a conducting connecting
junction for the GaAfAs-GaAs portion of the three-cell SMBSC structure to be
developed in Task 5 by LPE techniques were carried out in the eighth month of the
program. Molecular-beam epitaxy (MBE) techniques were used to deposit an
n*/p** double layer of GaAs on a p* GaAs single-crystal substrate at a temperature
of ~540°C, The layer structure that was formed is shown schematically in Figure 63,

The hole mobility in the pd“Jr Be-doped layer was estimated to be ~ 35 cmz/V—sec
on the basis of measurements made on a separate layer grown under the same
deposition and doping conditiops. The contact resistivity obtained for the top contact
was found to be 0.13 ohm-cm*,

Figure 64 shows the forward- and reverse-current oscilloscope trace obtained
with this n*/p** GaAs junction structure, illustrating its ohmic behavior but the lack
of any indication of a true tunneling characteristic. The observed ohmic behavior
may have been as much a consequence of a high structural defect concentration in
the vicinity of the n*/p** interface as of the high intentional doping concentration in
the two regions. In any case the ohmic behavior ohserved might be acceptable for
the purpose.
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Figure 63. Configuration of n'/p’ ' Conducting Junction Structure Formed
by MBE on Single-crystal GaAs Substrate at 540°C

Figure 64, Typical Forward and Reverse Oscilloscope Trace Obtained with
n*/p** GaAs Conducting Junction Structure Grown by MBE at ~5400C,
on p*tGaAs:Zn Substrate, Showing Ohmic Behavior
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A second MBE n+/p++ structure was grown at about the same time, and
consisted of thin (~5004) layers of n™ Sn-doped and p** Be-doped GaAs sandwiched
between lightly doped (1015-1016 ¢m=3) layers of n-type and p-type GaAs cach ~lym
thick. The heavily doped region in this structure was considered to be a close
analog of the structure believed suitable for forming the connecting intercell ohmic
contacts in the LPE-grown GaA{ As-GaAs cell pair being developed in the Task 5 work
(see Section 2.5). It was found that this structure also exhibited ohmic (i.e., non-
rectifying) behavior.

Both of the above structures were subjected to thermal cycling procedures
that duplicated the temperature-time cycle typical of that involved in LLPE growth of
a window-type GaAs solar cell structure. Subsequent examination of the I-V
characteristics of both structures indicated no deleterious effect on the ohmic con-
duction nature of either structure. The structural parameters and the electrical
characteristics of these samples both before and after the temperature cycling are
summarized in Table 5,

The I-V characteristics for the first sample after this temperature cycling
are shown in Figure 65 and for the second sample before and after the cycling in
Figure 66. The observed behavior of both structures after the heat treatment indi-
cated that a satisfactory connecting junction that will survive subsequent processing
can be made by the MBE technique.

Table 5. Structural Parameters and Electrical Properties of
GaAs Nonrectifying Junction Structures Grown by MBE,
before and after Temperature Cycling*

Individual Layer Parameters Measured Contact Resistivity
Before Temp. After Temp.
Sample Cond. Carrier Gonc. Thickness Cycling Cycling
Designation Type (em™) Dopant {um) {(ohm-cm2) {ohm-em2)
236 nt 101 Sn 15 0.13 0.196
ot 1020 B 18
pt 1019 Zn (substrate)
16 1 0123
2319 n 10 Sn 1 03 .
nt x10'9 sn 0.05
o’ 5x10'9 Be 0.05 \
p 10'8 Be 1
p+ 1tl19 Zn {substrate)

*Temperature cycling duplicatad that assaciated with LPE growth of window-type solar cell structure in
GaAQAs-GaAs materials system.
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Figure 65, Forward and Reverse I~V Characteristics of n+/p~H GaAs
Conducting Junction Structure of Figure 64 Grown by MBE at ~5400C
on p'GaAs:Zn Substrate, after Temperature Cycling Duplicating

that Encountered in LPE Cell Growth

2.2,4.3 Optical Properties of GaAs Tunneling Junctions

To assess the possible optical absorption losses associated with GaAs tunnel
junctions, a review of the below-bandgap-energy absorption data for highly doped
GaAs was made.

The data suggest that to maintain an attenuation of less than 1 percent of the
0. 7eV photons by the tunnel junction the p lager thlcknels can be no more than
~1604 for a doping concentration of 1020 and the n' layer thickness no more
than ~13004 for 1020 cm~3, For 1019 cm'3 doping concentratnons in each region.
these limiting thicknesses increase to ~0.24um for p* material and ~0. 6um for n*
material.

The latter parameters are within the range of those practically attainable with
any of the fabrication techniques being considered for producing the stacked multi-

junction structures in this program.
2.2.5 Experimental GaAs-Ge SMBSC Structures

A likely configuration for the first experimental two-cell GaAs-Ge SMBSC to
be fabricated by CVD techniques is shown schematically in Figure 67. Although the
separate components involved (GaAs cell, GaAs tunneling junction, Ge cell) were
made separately in the Phase 1 program the entire stacked cell assembly had not
been fabricated by CVD techniques alone prior to the completion of Phase 1.
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(b)

Figure 66, Forward and Reverse 1-V Characteristics of n/n+/p+/p GuaAs
Conducting Junction Structure Grown by MBE on p*GaAs:Zn
Substrate (a) before and (b) after Temperature Cycling
Duplicating that Encountered in LPE Cell Growth
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Figure 67. Probable Configuration of GaAs-Ge Two-cell SMBSC Made
Entirely by CVD Techniques

However, near the end of the Phase 1 program considerable attention was
given to the GaAs-Ge stacked cell using MBE techniques. The intended (i.e., grown)
structure of one such experimental cell assembly was
p*Gag_ 2AL(, gAs/pGaAs/nGaAs/n*GaAs/p*GaAs/nGe(As-diffused)/pGe. The upper
three layers formed the conventional window-cell structure, while the n*GaAs/p*GaAs
region constituted the conducting tunnel junction. The Ge cell structure employed
was that found feasible to fabricate by depositing As on a p-type Ge substrate and sub~
sequently diffusing the As into the Ge to form an n/p Ge junction. The design was
clearly not optimum because of the apparently opposing junctions of the upper and
lower cells. However, for purposes of demonstrating the formation of a double-cell
stack by MBE it appeared as the most expedient structure to use.

The structure did not exhibit a very large open-circuit voltage (<0.9V) but it
did appear to consist of two additive — rather than opposing — junctions. Figure 68
shows the spectral response curve obtained for this device, with the longer wave-
length response (0.87um<\< 2,0um) corresponding to the Ge response. The shape
of this part of the response, increasing gradually to about the wavelength of the GaAs
band edge (~0.87um), indicates that a GaAs-Ge heterojunction rather than a Ge
homojunction was involved. The response in the region 0.35um< \<0.87um is due te
GaAs. Since the peak of this response region is at the blue end (~0. 4um) and the
response drops so abruptly for shorter wavelengths it appears that the actual GaAs
cell structure achieved was not a heteroface structure as intended but rather a
GaAl As-GaAs heterojunction cell involving the p*Gag, 2AL_gAs window layer and
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Figure 68, Spectral Response Curve for MBE~-grown Stacked Two-cell

Structure Having Apparent Configuration
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i the nGaAs active layer, with the pGaAs layer somehow being excluded (or perhaps
not successfully produced in the deposition)., The existence of significant (in fact,
peak) response at wavelengths as short as ~0.4um is probably due to the contribution
of high energy photons penetrating the extremely thin (~4004) window layer; the
energy of these short-wavelength photons is~3. 1eV, larger than the energy of the
direct bandgap (2.8eV) of the p’fGa0 ZABO gAs window layer.

Thus, according to the spectral response curve of Figure 68, the structure
actually achieved in this sample was p*Gag_ 9AL g, sAs/nGaAs/n*GaAs/p*GaAs/nGe,
forming a double-heterojunction cell connected by a conducting tunnel junction. This
encouraging — although unexpected — result prompted additional MBE structures in
this materials system to be grown having the desired layer configuration.

Shortly before the end of Phase 1 a hybrid GaAs-Ge two-cell SMBSC was pre-
pared by a combination of MO-CVD and MBE techniques. This structure involved the
growth of a window-type GaAf As/GaAs solar cell structure at 750°C on a connecting
nt-p* tunnel junction in GaAs which was deposited by MO-CVD at 630°C on the
surface of a Ge solar cell structure previously prepared by MBE techniques. The
In metal layer applied to the back surface of the Ge wafer for the purpose of mounting
the substrate with good contact in the MBE system (a standard procedure with sub-
strates in that apparatus) had become alloyed into the Ge to an appreciable depth,
and some difficulty was encountered in removing the In~containing layer completely i
prior to inserting it into the MO-CVD reactor. '
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Although the removal was eventually effected, the front surface of the Ge cell
structure was slightly damaged, and this adversely influenced the growth of the
five MO-CVD layers of the tunnel junction and the GaAs window cell, However, the
large-area structure was completed (the Ge wafer was ~1-1/2 in. in diameter) with
an 5008 Gag, 1ALy, 9As p-type window layer on a 1, 1um p-type GaAs:Zn layer on a
4. 6um n~type GaAs:Se bhase region; the conducting tunnel junction consisted of
n'GaAs:Se/pTGaAs:dn, with each layer ~0.3um thick, Processing of this stacked
cell was not completed by the end of Phase 1, however.

Additional SMBSC structures involving GaAs and Ge solar cells prepared by
various combinations of MO-CVD and MBE techniques are expected to be fabricated
and evaluated in Phase 2, commencing immediately at the start of the program.
This combination of cells is of interest not only as a two-cell tandem assembly but
also as the two lower-bandgap cells in a three-cell SMBSC consisting of GaAfl As,
GaAs, and Ge cells in series (see Task 1 discussion,

2.3 GaAs-InGaAs SMBSC TECHNOLOGY DEVELOPMENT

This task was to involve the L.PE growth of multiple-bandgap cell structures
in the GuAf As-GaAs svstem and the InP/InGaAs system to produce a two-cell
SMBSC. Good overall efficiency was expected for this system, and it was anticipated
that the series current-conduction problem at the interface between cells would be
solvable by interface-defect tunneling., Most experimental cells were expected to he
grown on GaAs substrates rather than on prohibitively expensive InP substrates,
although some structures were to be prepared on InP substrates early in the program
for making various critical comparisons.

As a first step in this task the LPE growth of p+lnl’ layvers on n GuAs single-
crystal substrates was to be undertaken. Growth conditions required for control of
the InP surface morphology on such substrates were to be determined. Properties
of the interfaces were to be investigated as functions of various growth parameters
itemperature, doping concentrations, cooling rates) and of the growth sequence. The
current conduction mechanism, expected to be dominated by interface-defect tunneling
in this materials system, was to be investigated so that the layer growth conditions
required for low-resistance ohmic conduction could be established.

When that was successfully achieved the growth of [Pk layers of p- and n-type
InGaAs on the p’InP layers was to be undertaken. The photovoltaic properties of the
InGaAs junction would then be determined, and deposition parameters would then be
adjusted to optimize the photovoltaic performance for use in the two-cell (GaAs and
InGaAs) system.

Next, growth of p- and n-type InGaAs LPE layers on p*lnl’ single-crystal
substrates was to be investigated, and the photovoltaic properties of optimized
InGaAs junction structures grown on such substrates compared with the photovoltaic
properties of the devices grown on the pTinP./n*GaAs composites described above.
This would indicate if further optimization of the InGaAs cells grown on the com-
posites was required for use in the SMBSC assembly.
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After satisfactory development of the LPE InGaAs cell structure on the
p*InP./n*GaAs substrate, the complete two-cell assembly was to be fabricated by
growing the GaAf As /GaAs heteroface cell structure by LPE on the second (back)
side of the same n*GaAs single-crystal substrate. The photovoltaic properties of
the two-cell stack would then be measured and evaluated, and any required modifica-
tions in fabrication procedure for the individual component cells would be developed.
Finally, the overall growth and fabrication procedure was to be carefully agssessed,
and any indicated changes to optimize the photovoltaic performance of the complete
assembly were to be developed and incorporated.

This task was also expected to involve the evaluation of various contact
materials and configurations as required, as the work progressed,

2,3.1 InP and InGaAs Layers Grown by LPE

LLPE growth experiments with heavily doped p+lnl’ layers were begun in the
first month of the program, using n*GaAs single-crystal substrates. However, the
surface morphology of the initial InP films on GaAs was unsatisfactory. The effects
of changes in growth temperature, degree of super-cooling of the melt, and cooling
rate after growth were investigated in an attempt to improve the quality of the InP
surfaces,

Preliminary LLPE growth experiments were also begun at about the same time
{in a sepurate apparatus) on the InGaAsP materials systems. Although this
quaternary was intended for eventual use as the 1.0 e\’ cell material for the LPE
three-cel! SMBSC (Task 5), exploratory experiments with growth of the small-
bandgap (~0, 7eV) ternary InGaAs were undertaken first.

Single-crystal substrates of p*Inp of two different orientations were also used
for the experimental growth of n*InP layers, as a preliminary step to growing
n*InGaAs followed by p'InGaAs lavers. These experiments were limited at the time
to an evaluation of the effects of crvstallographic orientation of the substrate upon
the surface morphology of the InP films. Once a preferred orientation for the single-
crystal InP substrate was identified —~ presumably one of the three orientations (1003,
(111A), (111R) - additional substrate wafers were to he prepared and some three-
layer experimental structures grown,

The composition of InGaAs selected for use as the 0. 7eV cell material was that
which is lattice-matched to InP and has the approximate composition Ing. 52(‘.:10. 18 AS.
The usec of an InP window for the small-bandgap cell should not cause serious
absorption loss of usable solar radiation transmitted by the top cell (GaAs), since
the bandgap energy of InP> is only slightly smaller than that of GaAs. If the window
material used for the small-bandgap cell has a significantly smaller bandgap energy:
than that of GaAs then appreciable absorption losses would result, so the choice of
the window material (and thus the material on which to grow the small-bandgap cell
structure) is quite restricted. Examination of appropriate bandgap-vs-lattice
constant diagrams for various compositions of materials indicated that possible
window materials include InGaP (E;, > 1. 4eV), InGaAsD (Eg > 1.4eV), Al InAs, and
GaAflInAs, in addition to InP itself.,
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The InP LPE growth experiments on GaAs continued with both In and Sn used
as the solvent. Both the growth temperature and the cooling rate were varied, with
the super-cooling of the melt maintained at 5 deg C. The results showed that InpP
layers with rather rough surfaces could be grown on (100)-oriented GaAs substrates
using a Sn solution. The In solution, however, attacked the GaAs substrate
severely, and melt was always left on the substrate at the conclusion of the growth
experiment as a result of the rough growth surface.

Growth experiments were then begun with both In and Sn solutions and (111B)-
oriented GaAs substrates, since it had been recently reported that acceptable LPE
growth of InP on this GaAs plane can be achieved, and good quality epitaxial growth
of InP was obtained on this plane previously by MO-CVD at Rockwell ERC. The sub-
strates were ""cooled" during the deposition process to maintain their temperatures
below the normal temperature induced by the process. This procedure appeared to
offer some promise. It was shown that ILPE growth at 800°C resulted in much less
In inclusion at the InP-GaAs growth interface than was obtained at 600°C, but the
grown layer had a smoother surface for the 600°C growth than for 800°C growth. ;
Subsequent experiments showed that the growth temperature was very critical for 1
growth from In solution, with the optimum temperature appearing to be about 520°C,
with departures from this by as little as 30 deg C (above or below) causing severe
problems with melt wipe-off.

Several InGaAs p-n junction structures were also grown by LPE on (111B)-
oriented single-crystal n*InP substrates. The grown layers were generally smooth
but exhibited small pits in areas away from the crystallographically on-orientation
plateaus. The density of these pits was rather low, however, so it was believed
that the photoresponse of the junction devices might not be seriously affected.

Several of the InGaAs p-n junction structures grepared in these experiments
were evaluated by preparing small-area (~0.025 cm#) mesa devices. Contact to the
p-type InGaAs layer was made by vacuum-deposited Ag-Zn pads, and the n*InP sub-
strate was contacted by means of vacuum-deposited Au-Ge on Pt. The Ag-Zn contact
on the p layer did not result in low contact resistance, however, and it further
exhibited a tendency to ball-up and not wet the InGaAs layer surface during the post-
deposition heating cycle.

Figure 69 shows the measured relative spectral response for one of these
devices when the monochromatic light was incident on the InP substrate side. An
! absolute quantum efficiency of ~20 percent was measured with a 1,06um laser and a ,
! calibrated reference diode. This low value indicates that the minority-carrier

diffusion length in the grown InGaAs layer was probably quite low, The typical layer
thickness for these growths was also on the low side (< 2um), resulting in fast drop-off
of the photoresponse at the long-wavelength end. Also, since Zn was used as the
acceptor impurity in these structures, Zn contamination of the n-type melt was prob-
| ably taking place, and some Zn diffusion out of the p-type layer probably also
occurred during cooling after the growth process was complete, giving rise to the
question of whether the deposited n~type InGaAs layer actually survived the complete
growth process or not,
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Figure 69. Spectral Photoresponse of LPE InGaAs p-n Junction Cell
with Illumination Incident through InP Substrate

The dark I-V characteristics of these devices showed high values for n (close
to 3), indicating that the current transport was not the ideal type (injection over the
p-n junction barrier). Although the temperature dependence of the I-V characteristics
was not measured, it was expected that current transport in these devices was of the
defect-assisted tunneling type that has been observed in many heterojunction device
structures; that is, it appeared that a heterojunction between InP and InGaAs had
resulted, rather than a simple p-n junction in InGaAs.

Figure 70 shows the measured dark and illuminated I-V characteristics of one
of the mesa devices as measured using a curve tracer and a microscope lamp for
illumination. The open-circuit voltage of >0.3V and short-circuit current of ~2mA
are close to the expected values; however, the poor fill-factor was due to the excess
forward current caused by the defect-assisted tunneling mentioned above.

To correct this situation new structures were grown with the goal of obtaining
thicker InGaAs layers adjoining the substrates. One such experiment produced an
n-type layer 1.5um thick and a p-type layer 1.9um thick. However, preliminary
measurement of the photovoltaic properties indicated very weak photoresponse, for
reasons not known. The possibility that poor ohmic contacts were involved and thus
rendered the photovoltaic response measurements invalid led to the fabrication of
complete devices with proper contacts for further evaluation., These also exhibited
unsatisfactory photovoltaic properties, however.
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Figure 70. Dark and Illuminated 1-V Characteristics of InGaAs p-n
Junction Measured with Microscope Lamp Ilumination
| (voc > 0.3V, ISC = 2mA)

In an attempt to circumvent some of the LPE growth problems encountered in
this materials system, experiments were planned in which InP n-type layers that
had been previously grown on single-crystal GaAs substrates by the MO-CVD
process would be used as growth surfaces for the LPE growth of InGaAs. Samples
in which the MO-CVD InP layers were 2-6 um thick were obtained, to attempt to
reduce the effects of InP decomposition and avoid complete dissolution of the n-type
layer during the initial etch-back stage in the LPE growth process. Subsequently, a
sper.ial group of InP layers was prepared by the MO-CVD process with thicknesses
ranging from 7.5 to 10 um, to further alleviate this problem.

First, however, in preparation for LPE growth experiments with these sub-
strates, several InP deposition experiments were done with bulk InP substrates at
very low temperatures — below 500°C — using In solutions. These preliminary runs
were considered necessary to minimize the possibility of losing the first group of
relatively thin MO-CVD InP layers during the etch-back step. Unfortunately, good
quality InP growth was not achieved in these experiments with bulk substrates. !

Since early in the program, a number of experiments had been carried out with
the LPE growth of InP on GaAs substrates, The experiments had involved growth
from both In and Sn solutions, growth on (100) and (111) A and B surfaces, growth
temperatures from 600 to 800°C, and the use of large vertical temperature gradients
across the liquid-solid interface to minimize etch-back and enhance growth in a
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nonequilibrium situation. While some of the InP layers appeared adequate for
subsequent InGaAs epitaxial growth, examination of the structures under an infrared
transmission microscope revealed large numbers of In inclusions completely opaque
to near-IR radiation, Thus, while such InP layers might prove to be an adequate
substrate for subsequent InGaAs growth, the interface problem would prevent their
use in a stacked multiple-bandgap solar cell configuration. That is the situation that
directed attention to the growth of InGaAs on InP and on a GaAs substrate which
previously had an MO-CVD InP layer grown over its surface.

Since most of the initially available MO-CVD InP layers were relatively thin
(< Spm) it was necessary to grow at very low temperatures to avoid InP decomposi-
tion prior to epitaxial growth., Growth of InP at 4500C proved very difficult because
of the low P solubility in In at that temperature. However, InGaAs growth at that low
temperature was expected to be easier because of the higher As solubility in InP,

LPE growth of an Iny_47Gag, 53As layer was undertaken on one of the thicker
InP/GaAs composite samples previously prepared by MO-CVD. The undoped n-type
InP layer had been deposited at ~7250C on a (111B)-oriented GaAs substrate, with a
resulting InP thickness of ~7.5um. The resulting InGaAs layer grown by LPE was
found to be spotty and discontinuous, with very poor melt wipeoff. This result was
believed to be due simply to the extreme caution that was exercised to prevent
excessive meltback of the CVD InP layer and the possible consequent melt attack of
the underlaying GaAs substrate. The absence of meltback apparently permitted
retention of oxides and other impurities at the growth interface, thus interfering with
the epitaxial growth process.

The next experiments were done with bulk crystal InP substrates rather than
the CVD layers until the LPE growth parameters were more satisfactorily defined.
Successful growth of an InGaAs layer by LPE was achieved with (111B)~-oriented
ptInP single-crystal substrates that were lapped to an acceptable thickness and then
polished prior to the deposition experiments.

Growth was accomplished by contacting the substrate to the melt at a tempera-
ture ~0.5 deg C above the measured saturation temperature. This procedure provided
0.5-1.0um of substrate etch~batch and appeared to be a crucial factor in obtaining
successful growth in this materials system. The grown layer was not intentionally
doped, but subsequent electrical characterization indicated the layer to be n type. H
Growth was initiated at about 629°C and proceeded with a cooling rate of ~1 deg C
per min. Under those conditions the average growth rate for the InGaAs was slightly
above 1um/deg C. The actual composition of the layer was not determined, but the
general quality of the growth suggested there was close lattice match between the
layer and the InP, implying a composition very close to Ing, 47Gag, 53As. The band-
gap for such a composition would be 0, 7eV — nearly identical to that of GaSb.

Although the InGaAs layer appeared mirror-like to the unaided eye, at high
magnifications numerous lens-shaped surface features were visible. It was specu-
lated that these may have resulted from the cooling rate being too rapid. Similar
but more pronounced surface features have been reported by Sankaran et al (Ref 10)
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and were attributed to local Ga concentration gradients and fluctuations at the growing
interface caused by the large Ga distribution coefficient (Kga = 6. 12) in this type of
melt.

It was expected that a p-n junction had been formed in the grown n-type InGaAs
layer due to the known rapid out-diffusion of Zn from the p*InP substrate. One of the
structures was processed into individual mesa-type solar cells (0. 025 cm x 0, 025 ¢cm)
for photovoltaic evaluation. The substrate was thinned to about 4 mils by a combina-~
tion of lapping and etching to reduce the free-carrier absorption losses of photons
entering the cell structure from the InP side prior to their reaching the p-n junction
region in the InGaAs.

A full-coverage Au-Ge contact layer ~20004 thick was applied to the n-type
surface of the InGaAs layer and sintered at 450°C in Hp for 1 min. Because of the
problem that sometimes occurs in contacting p*InP, several small pieces were taken
from the as-grown composite structure for use in contact optimization experiments,
With a pattern of 10-mil diameter dots used as a test grid it was found that satis-
factory ohmic behavior was provided by contacts of Au(5004)/Zn(5008)/Au(15004)
vacuum-deposited sequentially on the InP followed by sintering at 4509C in Hs for
1 min. After preparation of the contacts by these techniques on the main part of the
composite wafer it was then cleaved into individual 0.025 cm x 0.025 cm solar cells
for testing.

Thesg devices consistently exhibited short-circuit current densities of
~16mA/em® and open-circuit voltages of < 0.1V under AML1 illumination (simulated).
The very low V,ce values were believed to be caused by large dark saturation current
densities and poor (i.e., high) diode factors. This view was supported by the strong
observed sensitivity of V. to the incident light intensity. Using a focused micro-
scope lamp as light source and varying the intensity of illumination on the cell it was
possible to obtain data showing the variation of V5. with J_  over a reasonable range,

The relation sc

oc J
o

J
v = n.liI n (_SC. +1 )
q
was then used to determine that n=1.9 and J,=4.75 x 1073 A/cm2 for these devices.
These values can be compared with those obtained for GaSb cell structures (see next
section), for which n=1.7 and J, =4 x 104 A/em?2.

Representative dark and illuminated I~V curves obtained with one of these
cells using the microscope lamp are shown in Figure 71, The strong dependence of
Voe On incident light intensity is evident in the figure. The cause of the large J,
observed in the InGaAs devices was not identified. Some indication was found that
the structure may have contained a weak blocking diode in addition to the main active
p-n junction. However, more work is needed to establish if such a second diode (if
present) is caused by a valence-band energy spike at the InP-InGaAs interface —
perhaps formed during the L.PE growth process — or is simply the result of sub-
sequent steps in the cell fabrication process (see below).
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Figure 71, Dark and lluminated (microscope lamp) I-V Curves
Obtained for Different Intensities of Illumination for InP/InGaAs
Solar Cell (0.025 cm x 0, 025 cm) Obtained by LPE Growth of Undoped
n-type InGaAs Layer on Single-crystal p*InP Substrate Wafer
(Illumination through thinned InP substrate)

Figure 72 shows a representative spectral response curve for this group of
InP/InGaAs cells. Also shown in the figure for comparison is an equivalent photo-
response curve for a GaSb cell made earlier and described in the next section. The
sharp cutoff in the response curve for the InGaAs cell at ~0.95um is due to the
1. 35eV bandgap of the InP window (the substrate, in this case). The long-wavelength
cutoff at 1.65-1, 70um corresponds to a bandgap energy of ~0. 75eV for the LPE-grown
InGaAs layers — somewhat larger than the 0. 7eV bandgap expected for the
Ing, 53Gag, 47As composition which is a lattice match for InP. The peak response
observed at relatively short wavelength (~1.05 ¢ m) for these cells tended to indicate
that the cell may actually have consisted of a p-p * heterojunction at the interface of
the p* InP substrate and the LPE-grown layer of InGaAs, and a second junction —a
shallow p-n junction — produced in the undoped but n-type InGaAs layer by the diffu-
sion of Zn out of the InP substrate into the otherwise undoped layer as the LPE
growth process proceeded. It was suspected that the apparent discrepancy in bandgap
energy between the grown material and the lattice-matching composition may have
been caused by incorporation of a small amount of P in the grown InGaAs as a resuit
of the initial predeposition etch-back of the InP substrate.
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Figure 72, Relative Spectral Response Curve for InP/InGaAs Window-type
Solar Cell Grown by LPE (InGaAs layer grown on InP substrate, with
growth initiated at 629°C). Response Curve for GaASb/GaSh Cell
Also Shown, for Comparison

Because of the decision to change the emphasis of the program late in Phase 1,
no further work was done with this materials system beyond that described above,
However, severe problems had emerged in the work with the InGaAs system before
those activities were curtaiied - including the difficulties in achieving InP layer
growth on GaAs by LPE and the problems encountered in maintaining the InGaAs p-n
junction at the desired location in multilayer structures because Zn was the only
proven p-type dopant for this material and also diffuses rapidly in InGaAs. Conse-
quently, an alternative materials system was sought, and the AfGaAsSb system was
examined for this possibility. The efforts devoted to study of that system are sum-
marized in the following section,

2.3.2 AlGaAsSb Materials System as Alternative for Low-bandgap Cell

This materials system covers the 0, 7-1, 6eV bandgap energy range and is a
potential candidate for use in both low- and high-bandgap solar cells. Significant
improvements had been realized in these materials at ERC Thousand Oaks in an
avalanche photodiode application (Ref 11). These materials have the advantage that
Ge and Sn are both p-type dopants with small diffusion coefficients in the quaternary
alloys,
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On the basis of this experience a preliminary examination of GaSh as a
low-bandgap solar cell alternative was made, The structure used was
ARGaAsSb(p)/GaSb(p)/GaSb(n), and the A concentration in the window layer was 0,30,
corresponding to a bandgap energy of 1, 1leV, The GaSb(p) layers had hole concentra-
tions of p = 1017 ¢cm-3 (undoped), with the substrate concentration n=4x1017 ¢cm~3,

Solar cells with grid contacts were fabricated on 0, 025 cm? mesas. Figure 73
shows cell characteristics with and without an ARGaAsSh window layer., The windowed
cell showed lower series resistance and higher short-circuit current density than
the bare cell due to reduced surface recombination velocity and lower effective sheet
resistance achieved with the A2GaAsSh window laver. The series resistance was
still too high for good cell performance, however, The cause may have been either
excessive contact resistance or high sheet resistance,

The measured V., Jg¢, I, and 7 values for the first cell under AM1 solar
simulator illumination were 0,25V, 20.8 mA/cm?, 0,37, and 1,9 percent, respec-
tively. The cell thus exhibited quite good Jgc and Ve, and improvements in fill
factor could lead to a usable 0. 7eV cell. This was an encouraging first attempt,
justifving further investigation of this materials system.

Figure 74 shows the spectral response curve for the window-tyvpe cell of
Figure 73a, showing cut-off wavelengths at 1, 1um and 1, Tum, corresponding to the
bandgaps of the AfGaAsSh window layer and the Gasb lavers, respectively. The
reduced response in the short-wavelength region suggests that the p-GaSh laver was
too thick (the thickness was measured to be ~10um).

Attempts were made to reduce the p-layer thickness in the Ga8b cell and to
improve the cell contacts to achieve lower series resistance in the experimental
cells,

Reduction in the p~layer thickness was achieved by using shorter laver growth
times coupled with minor Af additions to the GaSh which reduced the laver growth
rate and resulted in a composition of approximately Gag, gAfp. 1Sb. The resulting
p-laver thicknesses were in the range 2-3um for the alloy, in contrast to the 10um
thickness obtained in the first GaSh layers described above, Tvpical [.PE growth
times and temperatures were 1 min at 520°C for the p-type Gag, 9Afg, 1Sb lavers
and 2 min at 520°C for the p-type GaSh grown first.

Table 6 summarizes the pertinent material parameters for three of the
structures with thin p layers and two of the previous structures with thicker p lavers,
Also included in the table are the properties of tvpical individual mesa-type solar cells
(0.025 cm? area) fabricated in each of the composite structures listed, The best of
the cells is seen to be the last one listed in the table; it exhibited a short-circuit
current density Jg¢ 28,8 mA/em?2, open-circuit voltage Voo —240mV, fill factor of
0.51, and conversion efficiency of 3,5 percent for simulated AM1 illumination of
1 sun intensity and with no AR coating applied. Such values are in the range expected
for devices which respond onlv to the portion of the solar spectrum bhetween 0, 85 and
1. 1eV, The prospects thus seemed relatively good for ultimately producing an
optimized small-handgap (0, 7eV) cell with a 1, 15e\ window laver for use in
conjunction with the GaAfAs /GaAs cell in a two-cell SMBSC,

107




X . N _ ~
gt Ors: P gk <

(®)

Figure 73, Dark and Nluminated (AM1 mmulator) I-V Characteristics of
pGaSb/nGasSb Solar Cell (area 0,025 cm 2) a) with ARGaAsSb Window
Layer and b) without Window Layer
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Figure 74. Spectral Response of pA2GaAsSb/pGaSb/nGaSh
Window-type Solar Cell of Figure 73a.
‘ Figure 75 shows the dark and illuminated I-V characteristics for the three

| individual cells having thin p-lavers, It is evident from these curves that there
1 were hoth junction leakage and series resistance problems in varying degrees in
these cells.

Dark log I-V data were also obtained for these cells, and the diode factors
and dark saturation~current values derived from those measurements were found to
) be typically n-1, 7 and Jg 1074 Avem?, respectively. Calculation of expected Vo
values using these measured parameters and measured values of Jgo indicated good
agreement with the previously measured Voc data. The values obtained suggested
somewhat better junction quality was realized in these LPE-grown diodes than in
diodes reported earlier by Sukezawa et al (Ref 12), for which n=1, 87 and
Jo=3x10"%A/cm? at voltages less than 0. 18V, and n=2 and J,=1. 5x10"3A /cm?2 at
voltages greater than 0. 18V were obtained.

The need for low contact resistance prompted an examination of various
contacting materials for both p-type and n-type GaShb, The results of this brief
experimental study are summarized in Table 7. As can be seen from the data, pure
Au produced the lowest contact resistance for both conductivity types. It is interest-
ing that solar cell No. 119 M-t #1 (8ee Table 6), which had Au contacts to both
regions of the cell, had the poorest V. of any of the devices listed. This suggested
there may have been a low shunt resistance associated with this type of contact,
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Figure 75. Dark and Nluminated (AM1 simulator) I-V Characteristics of
LPE-grown p*GaAfAsSh/pGaAfSh/nGaSh Window-type Solar Cells
{Table 6). a) No, 119 M-6 #1; b) No, 118 M-5 #4,
¢) No. 118-1 M-4 #2 (All cell areas 0.025 cm2)
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Additional attempts were made to grow window-type cell structures with higher
A2 composition (~0. 7) in the window layer, but a series of apparatus problems
occurred that seriously delayed progress for a time. Those difficulties were
resolved and additional GaA£Sb/GaSh cell structures were again successfully grown
and processed into solar cells late in Phase 1, at about the time the shift in
program emphasis was adopted.

As a result, no further work was done with this materials system in the Phase 1
program,

2.4 GaA!As - GaAs - GuAsSb SMBSC TECHNOLOGY DEVELOPMENT

This task was initially planned to involve growth of the three individual cell
components by the MO-CVD process, with subsequent integration of the three into
a single SMBSC assembly. It was anticipated that single-crystal GaAs would be
used as the substrate for the composite structure and that each of the three cells
would be grown with an appropriate window material. Because of the complexity
of the three-cell SMBSC and the fact that little was known about 2, 0eV GaAfAs cells
or 1, 0eV GaAsSb cells, individual materials properties as well as the properties of
each of the cell structures were to be extensively characterized as this task
progressed.

The conduction properties of n+-pJr junctions prepared in GaAfAs composite
layer structures were to be studied for various MO-CVD growth conditions,
Deposition parameters resulting in high interface doping concentrations and abrupt
transitions in doping impurity were to be determined, so that the required low-
resistance nonrectifying junctions could be achieved in GaAfAs.

Single-crystal n*GaAs substrates were then to be used for the MO-CVD growth
of GaAlAs layers successively doped n and p type to produce a 2. 0eV p-n junction
solar cell in the alloy. This was expected to require considerable experimentation
with both layers; although the GaAfAs alloy system was already extensively
developed by both MO-CVD and LPE and has an available lattice-matched window,
the 2, 0eV composition is close to the direct-indirect gap crossover composition
and the minority carrier properties are not well known in this composition region.
However, GaAfAs can be grown with compositions throughout the entire range by
MO-CVD, so the required layers were to be prepared and their pertinent materials
properties--including minority carrier diffusion length and surface recombination
characteristics-~determined to assist in evaluation of this alloy system for
the 2. 0eV cell material. The characteristics of the p-n junction cells resulting
from these investigations were also to be determined, to complete the evaluation.

Upon successful development of a satisfactory GaAfAs 2, 0eV cell, that
structure was to be combined with the well-developed GaAfAs /GaAs solar cell
structure on a single n*GaAs substrate, utilizing the nonrectifying n+-p+ tunneling
junction in GaA£As mentioned above and planned for development earlier in the
program. The MO-CVD growth sequence was expected to involve first the deposition
of the conventional GaAfAs /GaAs cell (with a p* upper layer) on the n'GaAs substrate,

113




followed next by deposition of the n*/p* connecting junction, and then by deposition
of the 2, 0eV p/n GaAgAs cell, Deposition parameters were to be optimized to
achieve the best photovoltaic performance for this two-~cell SMBSC assembly,
which would then be used in the complete three-cell structure to fabricated later.

The 1. 0eV cell material originally planned for development for use in this
three-cell SMBSC was the GaAsSb alloy system, already discussed in Section 2.3, 2,
GaAs single-crystal substrates were to be used for growth of p- and n-type GaAsSb
layers by the MO~CVD technique, The required 1. 0eV bandgap corresponds to the
composition of GaAsySbj-x for which x =~ 0.5, with a lattice constant of about 5. 824,
Although this alloy composition had not been grown by MO-CVD, little difficulty was
anticipated in achieving such material, When satisfactorily doped layers of both
types were obtained the two were to be combined to produce p-n junction cells of the
desired bandgap and the deposition parameters adjusted to provide satisfactory
photovoltaic performance. Lattice-matched GaAlAsSb window layers would then be
prepared (also by MO-CVD) for this 1. 0eV cell structure and the overall photovoltaic
properties determined.

It was anticipated that once the MO-CVD GaAsSb 1, 0eV cell was satisfactorily
developed it would then be possible to comhine all of the structures into a single three-
cell SMBSC. To accomplish this the 1.0eV cell would be grown by MO-CVD on the
second (back) side of the n*GaAs substrate that was also used for the growth of the
two-cell (GaAfAs and GaAs) SMBSC configuration on its front surface. Attention
was to be given to achieving the required nonrectifying conducting interface between
the n*GaAs substrate and the heavily doped p+GaA2AsSb window layer of the 1. 0eV
cell. The deposition sequence, layer thicknesses, specific layer compositions and
doping concentrations, MO-CVD growth parameters used in preparing the three-cell
composite, and matarials and processes used for producing low-resistance ohmic
contacts were then to be examined, and the overall fabrication process modified as
needed to produce the desired photovoltaic performance in completed three-cell
SMBSC structures. (Some of these areas were investigated as part of the LPE work
done with this materials system in Task 3, described in Section 2. 3.2,)

Partly because the properties of 2. 0eV GaAfAs and 1, 0eV GaAsSb were not
well known at that time and partly because InGaP and InGaAsP had both been grown
as thin films and fulfill the bandgap requirements for the 2. 0eV and 1, 0eV cell
materials, respectively, these two materials prepared by MO-CVD were considered
alternates for possible use in the three-cell SMBSC assembly. Such parallel studies,
if undertaken, would occur at a much lower level of effort than the primary activity.
Solar cell junction structures of each material would be grown on single-crystal
GaAs substrates by MO-CVD techniques, and the measured photovoltaic properties
of such devices would be compared with those of the GaAf As and the GaAsSb cells,

If continuing serious difficulties were encountered in achieving the required perform-
ance for the GaA{ As cell and/or the GaAsSb cell then either or both of the In system
materials would be further developed as substitutes.

This initial overall plan for this task was modified late in the Phase 1 program,
when the change in program emphasis was adopted. For the balance of Phase 1 the
work of the task was restricted to the GaAf As-GaAs two cell SMBSC configuration
and to the possibility of a GaAfAs-GaAs-Ge three-cell SMBSC assembly.

The activities of this task in the Phase 1 program are summarized in the
following sections,

114




2.4.1 GaAfAs Solar Cells

Growth of the 2. 0eV GaAfAs cells needed for the three-cell SMBSC to be
developed using MO-CVD techniques required accurate calibration and control of
the composition of the GaAtAs layers. Installation of a new source tank of
trimethylgallium (TMG) on the reactor system used initially for this work made
it necessary for several deposition experiments devoted to checking both the back-
ground impurity level in pure GaAs films grown with the new source and the
dependence of the alloy composition (i.e., the value of x in Gaj_yAlxAs) upon the
relative flow rates of the TMG and trimethylaluminum (TMAZ) reactants.

Alloy films with 0, 12<x<0.80 were grown and characterized for composition
by x-ray double-crystal diffractometer measurements and — for those films with
composition in the direct-bandgap region — by room-temperature photoluminescence
measurements of the energy gap. The results of the two measurements were found
to correlate very well and the compositions thus determined indicated that the
calibration of reactant concentration (i.e., flow rate) versus expected laver com-
position was quite accurate for this alloy system.

A malfunction of the MO-CVD epitaxial reactor used for growth of GaAs and
GaAfAs structures occurred early in the program, The mass flow controller that
controlled the TMAL flow rate into the deposition chamber began functioning
incorrectly and so was replaced; several performance checkout runs were made to

reestablish the parameters required for obtaining the appropriate alloy composition.

Additional Ga;_yAfyAs p-n junction structures were then grown, primarily
with x = 0.37 and at~7500C. These were found to exhibit good [-V characteristics.
Figure 76 shows the dark and illuminated (microscope lamp) I-V curves for a mesa
diode (50 mil x 50 mil) fabricated in a junction structure in Gag_ 3Alg, 37As. The
relatively small photoresponse shown is due in large part to the fact that the device
did not have a window layer of Gaj_ygAlyAs (with x20. 8) to reduce the effects of the
high surface recombination velocity. However, the diode I-V curve shape is quite
good.,

Subsequently, along with the preparation of experimental tunneling junction
structures in Ga_xAlyAs at lower deposition temperatures (see Section 2.4, 2),

p-n junction devices were also grown in Gaj._xAlxAs at~7000C rather than at-7500C.

These structures involved p-type and n-type Gag, gAlg, 4AS (Eg = 1.92eV) grown by
MO-CVD on GaAs:Si substrates. A thin p+ GaAs:Zn cap layer was grown on top

of the GaAlAs p-n junction structure to permit good ohmic contact to be made. The
wafers were processed into 50 mil x 50 mil mesa diodes with 25 mil x 25 mil con-
tact pads, and the I-V curves were examined with the curve tracer and mechanical
probe contact. Good I-V characteristics were obtained, as indicated by the
representative curve shown in Figure 77,
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Figure 76. Dark and Hluminated (microscope lamp source) 1-\V Characteristics
of 50 mil x 50 mil Mesa Diode Fabricated in Gay) ;3\, ;3745 p-n Junction
Structure Grown by MO-CVD on (100)GaAs Substrate

(No window layer on this device)

Figure 77, [-V Characteristic of p-n Junction Mesa Diode
in Gag, ALy, 4As Structure Grown by MO-CV1 on
GaAs:Si Substrate (mesa 50 mil x 50 mily
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The first GadiAs window-type solar cell structure was prepared by MO-CVD '
at about the same time,  Phis structure involved o Gy, gAfy, 1As p-no junction with :
a p-type Gy 2.2, »As window layer and a thin p-Gads cap laver for contact, all
grown on a Gads:Te substrate at 70009C,  Individual 0, 5¢m x 0, 5¢m cells were
processed on this waler and characterized with microscope lamp illumination.

The GaAs cap layer was then removed (except under the contact pattern) by etching
in Hy0u (30 pereent ~NIOHpIE 7,01 solution and the cells were again character-
ized.

As expected, the short-circuit current densities were observed to increase
after removal of the cap layers, although the magnitude of the Jg¢ values remained
relatively small. A\ typical set of dark and illuminated 1-V curves for one of
these individual 0.53c¢m x 0.5em cells after removal of the cap layer is shown in
Figure 78. The obscrved behavior was consistent with the discussion of the
expected properties of this tyvpe of cell in the original program proposal.

Additional window-type GaAfas cell structures were grown during the
eighth and ninth months of the Phase I program. Most of the cells involved a
Gay 7ALy 3As p-n junction with a p-type Gay ,Afy gAs window layer, grown in
sequence on a GaAs:Te substrate. No contacting GaAs cap layer was used on
these structures. The configuration, with dimensions, is shown in Figure 79,

Figure 78, Dark and Illuminated (microscope lamp) -V Curves
for Thin-window Solar Cell (0.5¢m x 0.5¢m) in Ga, (Adg, 4 As
Grown by MO-CVD at 700°C on GaAs:Te Substrate
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PGag yAkg gAs:Zn ~ 10008 WINDOW LAYER

pGao.7AQO.3As:Zn ~1.2um

1.€eV ALLOY CELL
nGaOJAQOSAs:Se ~ 6.6um

Vigure 79, Configuration of Gag, 7A ( gAs
Window-type Solar Cell Structure Grown
by MQ-CVD on GaAs Substrate

Cell structures in this configuration were grown at 70¢, 730, and 790°C.
The wafers were processed in the usual way to make arrays of 0.5e¢m x 0.5¢m
individual cells; the cells were tested before sawing the wafers, using the micro-
scope lamp illumination. It was found that the cell response improved generally
with increasing deposition temperature. The maximum short-circuit currents
observed for individual 0.5cm x 0.5¢m cells under the "'standard' microscope
lamp illumination were -200u A, ~ 500u A, and~6mA for structures grown at 700,
7509, and 790°C, respectively.

Dark and illuminated 1-V curves for one of the cells on a structure grown at
-790°C are shown in Figure 80, The Vgcfor this cell is~1.2eV, consistent with
the ~1.8eV bandgap for this particular material. The photovoltaic properties of
this cell are seen to be significantly better than those of the Gag, gAlg, 4As cell
grown at 7000C, as shown in Figure 78,

One of the later structures grown at-750°C had an approximate alloy com-
position Gay 76Alg, 94As, and 0.5cm x 0.5cm cells processed in that sample
exhibited V. values of ~1.2V and short-circuit currents Is¢c~4.4mA under micro-
scope lamp illumination. Thus, cells with slightly lower Al fraction showed
somewhat improved performance relative to the Gay 7Afgy, 3As cells and much
hetter properties than the Ga_ ¢Alg, 4As cells made previously.




Figure 80, Dark and Illuminated (microscope lamp) [-V Curves
for Window-type Ga_ 7A10 3As p-n Junction Solar Cell
(0.5em x 0.5cm) Grown by MO-CVD at-790°C
on GaAs:Te Substrate

At about the same time that the above alloy cells were being made and tested,
the first two-cell GaAtAs-GaAs SMBSC's were grown by the MO-CVD process
(see Section 2, 4, 3) and characterized. The observed responses of those stacked
assemblies indicated that the Gal_E{:\les cells were probably limiting the overall
response. Thus, improvement of the properties of the alloy cell became a
primary activity of this task for the remainder of Phase I.

In the tenth month of the program another series of Ga;_yAl,As cell structures
was grown, with x ~ 0,30 and a thin window layer of Ga, ;Alp gAs. These
structures were deposited at 750°C, with the same layer thicknesses and doping
concentrations as were used for the top cell of the GaAtlAs-GaAs two-cell SMBSCs
that were grown at about the same time. The wafers were processed exactly as
conventional GaAtlAs-GaAs heteroface solar cells; that is, the p contact was
applied directly to the Gag, 7Al; gAs:Zn layer.

The [-V curves for a typical individual 0.5cm x 0.5cm cell on one of these
wafers are shown in Figure 81, The value of the short-circuit current is seen to
he only about 0. 07 times that obtained for a typical conventional GaAs window cell
under the same conditions of illumination with the microscope lamp (i.e., Igc =~ 10mA),
However, the illuminated I-V curve shown is similar to those obtained for other
Gay), 7Al ) sAs cells grown earlier at the same deposition temperature.
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Figure 81. Dark and Illuminated (microscope lamp) I-V Curves
for 0.5cm x 0.5cm Window-type Gag, 7Af( 3As p-n Junction
Solar Cell Grown by MO-CVD at 750°C on GaAs Substrate

Spectral response measurements were made on some of these alloy cells,
and the results indicated a reduced short-wavelength responsc that was clearly
a major factor in the low current density being obtained in the both the alloy cells
and the two-cell GaAfAs-GaAs SMBSC's being made at the time. The spectral
response measurements were made using a new probe-contact mounting fixture
fabricated for use with the spectral response apparatus. The new fixture made
it possible to obtain spectral response data for individual cells of an array of
cells processed on a single substrate without separating the individual cells and
mounting each on a separate header, as had been necessary previously.

Figure 82 shows spectral response data for two individual 0.5cm x 0.5¢cm
alloy cells of composition Ga As grown at 750°C on the same GaAs
substrate. The high degree ot' commgence of the point-by-point spectral
response data for the two cells attests to the excellent uniformity of results
obtained with the MO-CVD process over relatively large areas. The long-
wavelength response cutoff corresponds to the expected bandgap of - 1. 8eV for
alloy of this composition.

However, the severely reduced high-energy response indicates that there

was a serious problem with either carrier diffusion lengths or surface recom-
bination effects in these cells, which hadino \s,,.ndow layer, a p layer 1.1lum thick,
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Figure 82, Spectral Response Data for Two 0.5¢m x 0.5em Gay -Af 4As
Alloy Solar Cells Grown by MO-CVD at 750°C on
Common GaAs:Si Substrate

and an n layer 3.0um thick grown on a 0.4um Se-doped buffer layer. In any case
there was certain to be a major cffect on the overall photocurrent realized from
such a cell or from a two-cell SMBSC of which such a cell was a component.

One of the GaAfAs window-type cell structures that had been grown in the
ninth month of the program, with the general configuration shown in Figurc 79, was
among the first cells characterized in detail in the new computerized solar cell
measurements facility. assembled at ERC Thousand Oaks during Phase 1 of this
program. This particular sample consisted of an array of processed 0.5cm x 0.5¢m
individual cells grown on a large substrate wafer of 12-mil GaAs:Te. The sample
had been left with Air Force APL personnel for examination at the time of a con-
tract review in the twelfth month of the program and was subsequently returned
to Rockwell for further use.

The structure involved a thin (~10004) window layer of p-type Ga oA (AS
ona Ga HAI As p/n junction cell grown on a 0. 2um n-type (Se-doped) GaAs
huffer layer deposited on the substrate; there was no GaAs cap layer. The p-type
active laver of the cell was - 0, Gum thick and the n-type region 2.4um thick. All
layers were deposited at - 750°C.
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Dark and ilfuminated (microscope Tamp) 1=V curves tor ote ol the individ ol
cells on this sample, measured soon witer it was lirst tahricited, are shown i,
Figure ~3. The Voovalue tor this illumination is 104V and the g value
doomA g = IsmA cm'-').

Ihe photovoltaie properties of another cell on this same sample were
examiied by AP personnel using the AP AMO simalwtor, prior to the sanle
subscquently being retarned to Rochwell. Those preliminary measarenents
indreated an toovatne of 20 TmA ¢l 00 s A emy for AN i mination.

The measeements Later made on one of the celis on this same saonple ) sing
the automated copparnent at Thoasand Oaks, prodaced the flbaminted 1=\ charac-
teristic shown i Figare >4 dor AMo illumination),  The priccipal parameters are
Ve ooy dlL 12iomA cis, B uLen, and g 5.1 percent. Spectral responsc
measurements indicated an A content of < 001~ hased on the Tocation of the long-
wiavelength cutoff; this value s sionibreantds Jower than the x 0L 2 expectod on the
basis of the deposition parameiers, and may represent an advanced indication of
problems that haa been developing mothe T3 mas= - Tow controller of the reactor
syvstem at the time this cell strueiare was arown,

Daring the eleventh month of the program anew aroap of Ga TA\i“' A= el
stractares wis 2w by MO-CVD al deposition tlemperatares in the rango
T90-00%C 0 The purpose of those experiments wis Lo provide @4 comparison of
the performance of separate allov coll stractares with the performance of the alloy
cells in two-cell SMRSC's. The results of such comparisons could then be ased o
optimize the growth conditions for the top ((}zll‘x;\ix;\m cell in the SMBSO's,

Fionre =3, Drork and Haminated agnseroscope famp 1V Cuarves Tor Window 1vne
Gy =N, NS pens e ion Solar Cell o Sem N Senn Grown
’ by Ty oD ac 7070 an g omGa Vs e Sabstrate
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One ot these coll structures again involved a thin n-type GaAs buffer layer,

this time on a substrate of (100)GaAs:Si,  The - 1000A window layer was p-type

Gay, 1.\1 ) NS, while the active p and n regions of Gag 7ALg 4 As were ~1, lpm and
4. ‘hlm()t(hi(-k, respectively.  Ne eap laver was used. All layers were deposited

at 7907C,

The dark and illuminated -V curves for one of the 0.5cm x 0.5cm individual
cells labricated in this structure, as obtained with the microscope lamp illumination,
are shown in Figure 85, A very soft forward dark characteristic was obtained
and - although V. was ~1V and Jg. was ~18mA/cm# - the characteristic under
illumination exhibited an inflection that may indicate a contact problem, at best.

All of the cells on this sample had essentially the same type of I-V characteristics
and Voc and .IS(. values.

In the final two months of Phase 1, after the change in program emphasis
had been adopted, considerable effort was devoted to the GaAl As cell. Additional
cell structures were grown by MO-CVD, and Zn diffusion was used in the
processing of some of the alloy cells for the purpose of possibly improving cell
performance.  Emphasis was on achieving improved understanding and control of
the properties of the alloy cell, since it had become evident that the alloy cell had
been limiting the performance of the two-cell GaAfAs-GaAs SMBSC's fabricated
prior to that time,
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Figure 85. Dark and Illuminated (microscope lamp) [-V Curves for Window-type
GaO 7Ai 0 3As p-n Junction Solar Cell (0.5c¢m x 0.5cm) Grown by
r ’ MO-CVD at - 790°C on (100)GaAs:Si Substrate

Of the several new GaAlAs cell structures grown by MO-CVD, all but one
were grown on Si-doped GaAs single-crystal substrates; one cell was grown on a
Te-doped substrate, and all were grown at ~750°C. Those grown early in this
period had window layers of Al composition X in the 0. 80-0. 90 range and thick-
nesses of 0.10 or 0.15um. The active p layers (Zn-doped) had nominal A¢ com-
position x ranging from 0. 18 to 0.26, with thicknesses of 1.3 or 1.5um.
Thicknesses of the n-type alloy layer were typically 5. 6-6, Oum.

Later in the period, however, a special group of three alloy cells was
prepared with all properties common except for the thickness of the active p-
type GaAlAs layer, in order to determine experimentally the effect of that
critical parameter on cell performance. That group of alloy cells all had
window layers of intended composition Ga, 1Afg, 9As and thickness in the 600-
800A range, with both junction layers having composition Gal_ Al As
(x 0.20-0.22). The p layer thicknesses were measured to be T 28, 0.65, and
0.32pm in these three samples, All of these alloy cell structures were
processed into devices and characterized with the automated cell testing apparatus.
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The alloy cells previously made by MO-CVI), whether separate cells or part
of a two-cell SMBSC with GaAs, generally exhibited very low Jg, values — typically
<5mA‘cm2 for AMO illumination. Photoresponse measurements had indicated
that the electron diffusion lengths in the p layers were probably less than the
junction depths, so that relatively poor collection efficiency, especially evident
at short wavelengths, had resulted. The group of three alloy cells referred to
above was prepared specifically to investigate this problem. Those cells together
with the other alloy cells grown and evaluated in the final two months are listed in
Table 8, which shows the principal physical parameters of the structures.

Also listed are two other alloy cells grown by MO-CVD earlier in the program,
one of which (AB90526A) was characterized in detail with the more recent cells.
The other, listed for comparison only, is the alloy cell (AB90427A) discussed
earlier and represented in Figures 83 and 84,

The measured photovoltaic properties of the alloy cells listed in Table 8
are given in Table 9, as determined with AMO simulated illumination (ELH lamp)
in the automated facility., The Af content x in the p and n junction-torming
layers of Gaj_xAf «As of each of the cells was deduced from the location of the
long-wavelength cutoff in the measured spectral response curve, based on
the published bandgap-composition data of Panish (Ref 13),

The tabulated results show that the open circuit voltage V. of the cell
increases as the Af contcat of the junction-forming alloy increases. The measured
range of variation of V. with the deduced At content in the junction layers for these
cells is plotted in Figure 86, along with a reference plot (linear) of expected band-
gap in the junction region as a function of Af content. The observed increase in
V_  with deduced Ai content is considerably slower than the linear variation of
i bandgap with Af content until A2 compositions 20. 30 are reached, and the Voe

values at all but the lowest A2 compositions (i.e., for GaAs rather than GaAlAs
E cells) are significantly less than the expected values. In fact, there is relatively
little increase in Ve With Ap content of the junction layers until x exceeds -~ 0. 2.
Some of the alloy cefls had relatively low short-circuit current densities as a
; result of junctions that were too deep (i.e., p-type active regions too thick), so the
; problem of the low V4. values could be reduced somewhat as the alloy cell design
‘ is optimized. However, further work is clearly needed in order to improve the
V .. values and thus realize the potential peak efficiencies of which these devices
should be capable.

The short-circuit current density J. obtained with these cells depends upon
both the At content and the thickness of both the window layer and the junction
layer. The variation of Jo, with thickness of the p-type alloy layer (i.e.,
junction depth) for the group of three cells grown with p layer thicknesses of
1.28, 0.65, and 0. 32um is shown in Figure 87. It appears that increasing the
junction depth from - 0.3 to - 0. Tum had little effect on J ¢» but further increase
to ~1.3um produced a major reduction in the collected sﬁort-circuit current
density. This result suggested a minority carrier diffusion length of - 0. 5um for
this material, indicating that a shallow-junction structure (i.e., <0.5um)} is needed
for optimized performance for the alloy cell.
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Figure 86.

AMO Illumination.
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Figure 87. Dependence of Jg, upon Junction Depth (p layer thickness) for
Al oAs Solar Cells Made by MO-CVD, for Simulated
AMO Illumination (See Tables 8 and 9)
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The spectral response curves for these same three cells are given in
Figure 88, and the results show that better blue response is realized for shallower i
junctions, as would be expected. However, the total Jg. values for the two cells '
with junction depths of ~0.7 and ~0. 3um are nearly the same, as indicated
in Figure 87. because the enhanced blue response for the~0. 3pm junction depth
is approximately compensated by the reduced red response, as shown in Figure 88,

The effect of window layer composition on cell properties is indicated by the
two sets of spectral response curves of Figure 89. The cell structure with a window
layer of nominal composition GaO 1A!O. gAs (sample AB30810A(1), Tables 8 and 9)
exhibits a stronger blue response’and larger short-circuit current density (larger
area under the response curve) than does a cell structure (sample AB90813A,
Tables 8 and 9) with a nominal window layer composition of Ga_, _Af, .As. This
difference is seen to hold even though the A content of the junction layers is
higher in the structure of sample AB90810A(1).

The use of Zn diffusion during the processing of some of the alloy structures
into completed solar cells was also pursued during this period. The purpose of the
Zn diffusion was to form a highly conductive window layer and a front-surface
field and thus possibly to improve the performance of the cell. For the MO-CVD
cells so treated there was a higher short-circuit current density than for cells
made from the same deposited sample but without the Zn diffusion. (See samples
AB90810A(1), AB90811A, and AB90813A, Table 9,) This effect is also shown
in Figure 89 for two of the sets of cells, for which a significantly higher total
| photocurrent response is evident for the Zn-diffused cells than for the untreated
i (as-grown) cells. However, for earlier alloy cells processed with Zn diffusion
and for the LPE-grown alloy cells described in Section 2.5.1 the use of Zn appeared
to cause a decrease in the short-circuit current density. The reasons for the
difference are not known.

On the basis of all of the above results, growth of another group of alloy
cells was undertaken just prior to the end of Phase 1, for the purpose of achieving
: cell parameters that would result in significantly improved GaAfAs cells. Thus,
E a shallow junction (<0.5um) in an active region of composition Gag, 7A4,. 3As and
a window layer of composition Ga A‘QO. goAs and thickness ~8004 were the
parameter goals. It was found, however, that p layer thicknesses achieved were
closer to 0. 8um and window layer thicknesses were ~12004 in the alloy cells,
whether grown separately or as part of a stacked cell assembly.

Consequently, although analysis of these latest alloy cells was not complete |
at the conclusion of Phase 1, it appeared that cell performance was considerably
poorer than expected. Work on improving the propertics of the alloy cells is
expected to continue into the Phase 2 program,

2.4,2 Connecting Junctions in GaAs and GaAfAs

The extensive efforts devoted to achieving conducting junctions in GaAs for
the purpose of providing intercell connections in GaAs-Ge and/or GaAfAs-GaAs
two-cell SMBSC structures in the Phase 1 program were described in
Sections 2,2,4.1 and 2.2.4.2,
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Figure 838. Spectral Response Curves for Three MO-CVD Ga HAIO »As Cells
of Different Junction Depths (p layer thickness). tT
(Sec Tables 8 and 9 and Figure 87)
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Consequently, the discussion in this section is confined to a description of
the efforts to achieve tunneling junctions in GaAgAs, for use in connecting GaAfAs
and GaAs cells in two- or three-cell SMBSC structures,

The first GaAfAs junction structures grown with doping concentrations
intended to produce tunneling characteristics were prepared in the third and
fourth months of the program. Several n+/p+ Ga,__Af_As structures with x=0. 37
were deposited by MO-CVD on GaAs substrates alt )‘700)6( None of those first
structures grown in this configuration exhibited tunneling properties, however.

Evaluation of the properties of the first few unsuccessful structures provided
the information needed to identify deposition conditions that did result in tunneling
properties. The experiments with GaAs tunneling junctions (Section 2,2,4, 1) had
shown that lower deposition temperatures than those normally used for GaaAs film

growth by the MO-CVD process were required for achieving tunneling characteristics.

Consequently, single layers of GaAfAs alloys were grown on GaAs substrales at
~700°C to establish alloy compositions of layers grown under selected conditions.
The alloy composition was determined by x-ray double-crystal diffractometer
measurements and — for alloy films with compositions in the direct-bandgap range -
by room-temperature photoluminescence measurements. It was found that alloy
composition is not strongly dependent upon deposition temperature for a given set
of other parameters in this range. That is, the dependence of the x value on the
TMA £: TMG partial-pressure ratio during film growth agreed well with that
determined in earlier studies using different deposition conditions (especially
temperature).

During the eighth month of the program a Ga ‘,»X! oS P n- epitaxial
structure was grown by MO-CVD at 700°C on a Ga! s: 91 suf)stmtc as the next
step in identifying the deposition conditions required for producing a tunnel diode
structure in this material. Preliminary evaluation of this sample using In con-
tacts and the mechanical probe indicated a weak tunneling characteristic.
However, when individual mesa diodes were fabricated with ohmic contacts the
evaluation shewed a heavily doped back-to-back diode characteristic but no
tunneling behavior.

Despite this unsuccessful result, two-cell SMBSC structures each consisting
of a Ga A! As p-n junction cell and a GaAs p-n junction cell grown sequentially
on a GaAs:Te substrate, with the two cells connected by an n+/p+ junction
structure, were grown entlrely by the MO-CVD process. One such SNBSC
structure had the n+/p+ junction in the GaAs (see Section 2,2,4.1), and the other
had the n+/p+ junction in an alloy double layer of composition Ga AIO 08AS.

The configuration of this structure was as shown schematically in Plgure 90.

Characterization of the resulting structure, as described in Section 2,4.3,
indicated that the junction did not have tunneling properties, despite the fact that
the doping concentrations on both sides of the junction were believed to be very
high.

The lack of clear-cut success in achieving good tunneling properties in n+ p+

junction structures in GaAfAs resulted in attention being shifted to the formation
of the required connecting junction structures in GaAs, for which success had
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p*GaAs:Zn CAP LAYER

pGag 5A%, gAs:Zn WINDOW LAYER

pGaO.sAQO.4AS: Zn
b 1.9eV ALLOY CELL
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pGaAs:Se

?/ nGaAs:Te ;2222222222 SUBSTRATE

Figure 90, Configuration of Two-cell SMBSC Grown by MO-CVD
on GaAs Single-crystal Substrate, with Connecting
Junction in GaAl As

been achieved relatively early in the Phase 1 program (see Section 2,2.4.1),
Because of the preference for having the connecting junction in the alloy rather
than in the GaAs, however, it is expected that further attention will be given to
the GaAfAs alloys for this purpose in the Phase 2 program.

2.4.3 GaAfAs-GaAs Two-cell SMBSC's

The problems involved in joining cells in the GaAfAs-GaAs materials
system to make two-cell (or three-cell) SMBSC structures were first investigated
all at one time in the eighth month of the program, at which time complete two-
cell GaAlAs-GaAs SMBSC structures were prepared entirely by MO-CVD techniques.
The structures consisted of a GaAs p-n junction cell, an n+p+ connecting junction
structure, and a GaAfAs p-n junction cell grown in that sequence on a GaAs:Te
single-crystal substrate. One of the structures had the connecting junction in
GaAs and the other had the connecting junction in GaAfAs (see Figure 90). In both ]
cases the alloy cell had the composition GaO GAI As, with a window layer of
Gao. ZAIO. 8As. The GaAs cells in both casés were without window layers.

Both <tructures were processed into 0.5cm x 0.5cm cells in the usual way
and were tested with the microscope lamp and probe contact. The I-V curves were
obtained both before and after removal of the top p*GaAs cap layer (by etching).
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Fyvpreal 1V curves for two of these SMBSC assemblies are shown in
Figures 91 and 92, The two-cell deviee represented in Frgure 91 had the
connecting nf=p” junction in the Gy go My e As double layver, as shown in
the schematie diagram of Figure 90, Apparently this junction did not have a
tunnel-diode characteristic, despite the fact that the doping concentrations were
designed for that purpose.  As a result, both the g, and the V. valaces were low
and the curve shape unacceeptable.

0c

The 1-V characteristies for the other two-cell structure, in this case with
the connecting n*-p* junction in 2 GaAs double layer, are represented in Figure 92,
The dark 1-V curve for this device appears to he good, but the response under
illumination by the microscope lamp again appears to be severely limited by the
properties of the connecting junctiot  That is more appareat in Figure 93, which
shows the dark and illuminated reverse -V characteristics of this same cell.
The data show that the Ige of this cell was limited by the nonlinear -V character-
istic of the connecting n*‘—p‘:' junction in the GaAs. Once this junction became con-
ducting the cell current increased rapidly to a value of ~omA.

soon thereafter, additional GaAf As-GaAs two-cell SMBSC structures
were grown by MO-CVD with properties somewhat different from those of the first
structures described above. These structures were again processed into 0, 5em x
0.5cm individual cells and tested for photoresponse with the microscope lamp
illumination.

Figure 91, Dark and IHluminated (microscope lamp) -\ Characteristics of
Two-cell SMBSC Grown by MO-CVD, with (ul() \1 As Cell and (‘:1;\5

‘rme s ptopt
Cell Connect. b by Intermediate nt-p™ Junc tmn m (1&” go- \20 oY
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Figare 92,0 Dark and Iuminated tmiceroscope Tavgn 1=V Characteristics ol
Two-cell SMBSC Grown by MO-CVD, with G ‘A.\ﬂ( As Cell and Gavs

Cell Connected by Intermediate nt-p? h’nfn-tioﬁ'm Gads

Fravre 93, Dark and Hinminated pmieroscope langa Reverse bV Ol reri=t
ol Two-coell i, “.\,Q“ Tl.\\; GaAs SMBSC Represented

i Fignre 92
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Cells from the best of these samples showed v s vitlues of ~2o 1V and g
values of ~1. ImA under this illumination, This particular sample had the structure
shown schematically in Figure 94, The growth temperatures of the various regions
of this cell structure were as tollows: 1) GaAs cell and Ga( AL L As window
layer, ~700°C; 2) GaAs n+/p+ connecting junction layers, ~6300C;"3) Ga, -AL ) LAs
cell and Gay ,Af) (As window layer, ~750°C, ) ’

A typical set of I-V characteristics for one of the cells on this sample, as
oblained with the microscope lamp, is shown in Figure 95. [t is evident from the
curves that this structure represents the first successful achievement of a stacked
or tandem cell grown completely by a vapor-phase process. The open-circuit
voltage shown is believed to be the highest achieved up to that time for a tandem
cell grown by any process. These major accomplishments provided the necessary
evidence that the goals of this program can be achieved by the \IO-CVD technigue.

The response of the GaO AIO .3:\8 cell in the above structurce probably
limited the response of the sta'cT{ed dssembly. The performance of the particular
cell assembly represented in Figure 95 was probably below what could have heen
realized because the Ga ‘)AIO As window layer was inadvertently removed during
processing and the wafer was s'u%sequently reprocessed. Photoresist lift-off pro-
blems then occurred as a result of the rework requirement, Consequently, the

cell performance was probably poorer than it would have been had this not occurred.

+ o
p Gao'zAko_sAs:Zn ~1000A WINDOW LAYER (TOP CELL)
pGaOJAMO.aAs:Zn ~0.75um
b 1.8eV ALLOY CELL
nGao.-,Ako_aAs:Se ~2.5um |
n*GaAs:Se ~0.4um ]

CONNECTING TUNNEL
ptGaAs: Zn ~0.4um J JUNCTION IN GaAs
pGaOJAko.aAs:Zn ~0.5um WINDOW LAYER (BOTTOM CELL)
pGaAs:Zn ~1.0um

b 1.4eV GaAs CELL
nGaAs:Se ~4 0um

?/ nGaAs:Si/zzzzézzz SUBSTRATE

Figure 94, Configuration of Two-cell GaAfAs-GaAs SNBSC
for which Voltage Addition was Observed
under Ilumination

135




Figure 95. Dark and Illuminated (microscope lamp) I-V Curves for Two-cell
SMBSC Grown Entirely by MO-CVD on GaAs:Si Substrate,
with Ga 7A!0 As Cell and GaAs Cell Connected
by Paternisdiate n*-p* Junction in GaAs.

Additional two-cell GaAfAs-GaAs SMBSC structures were grown in the
following month, with slightly modified dimensional parameters as shown in
Figure 96. Layers 1-3 were typically deposited in the 700-750°C range; layers
4 and 5 were deposited at ~630°C; layers 6-8 were grown at ~750°C. As before,
the composites were processed into arrays of 0.5cm x 0.5cm cells. The p-layer
contact metallization was applied directly to the Ga, AR, ,As:Zn layer

0.7°70.3
(layer 7) of the alloy cell.

[-V curves obtained with the microscope lamp for one of the two - cell SMBSCs
on one of the wafers are shown in Figure 97, The V value is again seen to be
~2.1V, indicating that the individual cell voltages are indeed adding. This ceclk
however, had a short-circuit current of only about 0.85mA for the illuminati
conditions employed, compared with ~1. ImA for the cell shown in Figure 95,

Again it is believed that the SMBSC current was being limited by the current
produced in the alloy (top) cell.  The “kink” observed in the dark I-V curve is not
understood, but it could have been the result of a leaky p-n junction in the top
cell (i.e., in the Gao 7Al(). 4As cell).
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8  1'Guag pALg gAs.Zn ~1000A
7 pGa0_7Ak0.3As.Zn ~0.9um Gay AL AsCELL (1.8eV)
6 nGaOJAkOBAs:Se ~3.0um
5 n*GaAs:Se ~04um
; ——= CONNECTING JUNCTION
4 p GaAs.Zn ~0.4um
3 pGa 0.7Ako_3As:Zn ~0.3um
2 pGaAs:Zn ~1.0um GaAs CELL (1.4eV)
nGaAs.Se ~4.0um

nGaAs Si OR

Figure 96, Modilied Contiguration of Two-cell GaA.As-
GaAs SMBSC Structure Grown by MO-CVD)

Figure 97, Dark and Hluminated (microscope lamp -V Curves for Two-
((ll SMBSC Grown Entirely by MO-CVD on GaAs:Si Substrate, with
a, _1\2 As Cell on Top and GaAs Cell on Bottom Connec l( i
])\ « nnrfu( ting nt=p® Junction in Gals Intermediate Layver
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Nebitronad two cell STTESC s ot res e e crongn =beseg e nthy i = highrhy
tenltbred aerimeters o e et o o prose the coorre st resaon-c ol the aldloy cell,
Fhese samples were proces=cd o aremc ol e s o hen solar cell- g e
fabrication techmgres deseribed cavhiers Some ot these stractares had the
Ny Gilds comnecting pomction crown at o T HoUC aemuher than 60070 s i previo o
structures) and the Ga, TA\f“.::\\' top coll crown al T73YC (rather than 75090,
White these vells showed relatively cood valaes ot phiatocirrent wader rever-o bans
conditions | the valves of T oand Vo owere not cood becise of Jaree Teataoe
currents, probablyv in the iy, - \Q“‘ :;‘\\ coell<, Phis s shown i the TV cares

of Fioure Us,

some of the new SAVESC stractires were 2eownwich the contfiraton shown
in Figure 49, which involves shzahtly chanced divnen=ions of ~ome of the Tayers of
the device,  Deposition temperatures ciploved were ~700”C for the hotton (Ga\s
celland its Ga o A2 As window Taver, ~0 0 for the lavers of the Gads o e
connecting tinncél prnction, and hoth 73000 wond ~a0” e for the tope alove cell and
it window laver,

Fhese structures were processed into coell arevs by the asaal procedures,
and individual 0, 3cm x o 50em cells were characterizaed asing the microscope lamy
illumination and the mechanical probe contaet<, Dk and ilminated T-V curves
for a tvpical individual SANBSC from one of these walers ) in which the alloy cell
wits wrown at ~~00C are shown in Figure 100, While the usual "reference’”

’

Figure 98, bark and Hluminated (microscope lampy -V Curves for Two-
cell SMBSC (0, 5em x 00Hemy Grown by Aoy CVD on Gads:Si sabstrate,
with Ga _;\Q” 5 \s Cell on Top erown at ~7757C and GaAs Cell on
Boltom, Connected by n' b Conducting Junction in Gas
intermediate Taver Grown at 7107
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Figure 99, Conligaration ot Two-cell (e As=Gavs SMBSC Used to
Produce Photoresponse ol Figare 100
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short-circuit current of 10mA was obtained, the [-V curve shows there was
a large leakage current and a relatively low \'O, value of ~1.05V, compared
with ~2. 1V obtained in several previous Lwo—cch SMBSCs.

This may have been the result of dopant diffusion during the growth of the
top alloy cell, but further investigation would be required to determine if that
were actually the case. Previous studies of the growth of separate Gag, 7A£0 .;As
alloy cells showed that deposition at ~800°C can lead to somewhat improved pér-
formance in this cell, Thus, it may be found desirable to grow the top cell in
this SMBSC structure at the higher temperature.

Following the extensive study of the properties of the GaAfAs alloy cells,
near the end of the Phase 1 program, an attempt was made to utilize the findings
of that study (Section 2,4. 1) and prepare two-cell GaAfAs-GaAs SMBSC structures
that might exhibit significantly improved properties. A pair of such structures
was grown simultaneously in the final month of Phase 1 using (100) GaAs:5i
substrates from two different suppliers. The structure configuration that was
prepared is shown in Figure 101,

I)egosition temperatures were ~750°C for both of the individual cell structures
and~630"C for the GaAs tunnel junction double layer. Both samples were processed
into arrays of 1.6 mm x 1.6mm cells, and characterization of the cells using
the AMO simulator was begun.

p*Gag, 1Alg gAs:Zn ~1200~ 15004
pGaOJA!lo.aAs:Zn ~0.8um f GaAKAs CELL (1.8eV)
nGaoJAQo.sAs:Se ~4.2um J
n* GaAs:Se ~100A ]
: CONNECTING TUNNEL JUNCTION
ptGaAs:Zn ~100A )
pGa 0. GAQO, 4As: Zn ~0.4um W
pGaAs:Zn ~1.5um 1 GaAs CELL (1.4eV)
nGaAs:Se ~6.2um J
/nGaAs:Si ~12 MILS (100)-ORIENTED SUBSTRATE

Figure 101, Modified Two-cell GaAfAs-GaAs SMBSC
Configuration Designed to Give
Improved Performance
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Although evaluation of these cells was not completed before the end of Phase 1,
initial tests showed disappointing results such as that given in Figure 102, which
represents the illuminated I-V curve for one of the individual SMBSC's on the GaAs
substrate material obtained from Morgan Semiconductor. Although voltage addition
was clearly achieved, the magnitude of V,. shows that either or both of the
individual cells were far below the usual quality previously achieved. The
very low Jg . value also indicates that there may have been problems with the
connecting n*/p* GaAs junction, which had been made with layers considerably
thinner than those used in previous SMBSC structures of this type. Evaluation
of these cells will be continued into Phase 2 to attempt to identify the cause of the
poor performance.

- max

-4

aé vV = 1.35v

s oc .

[ - J_ = 1.81mA/cm”

E 3x10 5 L—- s¢C =
o« FF = 0.64

o

8 n = 1.2 percent (AMO,

no AR coating)

VOLTAGE (volts)

Figure 102, Fourth Quadrant Illuminated (AMO simulator) I-V Curve for Two-
cell SMBSC Made by MO-CVD, Consisting of GaAl As Cell on GaAs
Tunnel Junction on GaAs Cell, All on (100)-oriented
GaAs:Si Substrate
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2.5 GaA\As - GuAs - InGaAsP SMBSC TECHNOLOGY DEVELOPMENT

This task was to be carried out mainly at ERC Thousund Ouaks, with the three-
cell SMBSC to be grown by LPE techniques, GaAs was to be used as the single-
crystal substrate, and IiP as the window material for the InGaaAsP cell, which is an
extension of the InGaads cell to be developed as purt of the two-cell SMBSC assembly
in Task 3 (Section 2,3).

Although much of the work of this tusk was to be built upon the work of Task 3,
certain aspects of the work were to begin at the start of the contract., The materials
and photovoltaic device properties of both the 2, 0eV GaAfAs cell and the 1, 0eV
InGaAsP cell made by LLPE were to be studied in detail und characterized.

Near the start of the program the LPE growth of both n” and p” layers of
GaAf As on p GuaAs substrates was to be carried out so that electrical conduction
of n"-p” junctions in GaAl As could be investigated. Growth parameters required
for obtaining low-resistance conducting (tunneling) interfaces with good growth
morphology at the laver surtfaces were to be established,

At the same time, the growth of appropriately doped p- und n-type layers of
GaAfAs in the proper composition for achieving a 2.0e\ p/n LPE cell on an n"GaAs
substrate was to be undertaken, emploving an ultrathin p~GasfAs surface layer.
The photovoltaic properties of this 2.0e\ cell structure were to be evaluated and
the layer growth conditions adjusted as required to obtain optimum cell properties.,

When that goal was successfully achieved the GaAfAs 2.0eV cell technology
was to be combined with existing conventional LLPF GaAs cell technology. Starting
with the n"GaAs single~crystal substrate, the GaAs heteroface cell structure
(consisting of a p-type GaAfAs window layer on a p/n GaAs junction composite) was
to be grown on the substrate, followed by an n™/p” GaAfAs tunneling-junction double
layer. On that would then be grown the GaAf As 2,0¢V p/n cell structure described
above, to complete a two-cell composite. The photovoltaic properties of this
two-cell LPE-grown SMBSC system were then to be fully evaluated (Task 6), and
the combined photovoltaic performance improved as much as possible by adjusting
growth parameters and procedures,

Attention was then to be directed to development of the 1.0¢V cell material
InGaAsP. Single-crystal substrates of pTInP were to be used for LPE growth of
an inverted heteroface cell structure of n/p InGaAsP, the photovoltaic properties of
which would be evaluated so that the growth parameters could be modified if
necessary to produce satisfactory cell performance., When that was accomplished
the expensive ptInD substrate would be replaced by the p*InP/n*GaAs epitaxial
composite grown by LPE on a single-crystal ntGaAs substrate in the early portion
of the work of Task 3, and the same inverted n/p InGaAsP cell structure was to be
grown on that composite. The photovoltaic propertics of the 1,0eV cell would again be
evaluated, and growth conditions further modified to optimize the cell performance
if necessary.
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This technology for the 1.0eV cell was then 1o be combined with that alreuady
developed (early in the program in this tusk) for preparing a two-cell structure
involving the Guas cell and the Gaafas cell connected through o wunneling interfuce,
to produce an integrated procedure tor growing a complete three-cell SMBSC by LIE
technigques. Growth would be carried out on both sides of un n'Gaas substrate to
achieve the required structure,

As with the component structures, the complete SAMBSC structure was to be
studied and evaluated in detail; the photovoltaic properties of the complete three-cell
assembly were to he determined and compared with the corresponding properties of
the individual component cells, Details of the overall fabrication process, including
growth sequence, individual layer compositions und impurity concentrations, depo-
sition parameters and cooling schedules, and contact materials and methods of
application were to e carefully examined, Modifications indicated for achieving
improved ov -rall SMBSC performance would then be made to whatever extent
possible.

As in Task 4, InGa P was to be considered as a possible alternative 2.0e\ cell
material in this task, also, but grown by LPF techniques in this case. The cffort, it
pursued, would be at a lower level than the primary activity, as was to be the case
for the study of this material srown by MO-CVD in Task 4. It was intended that
such an investigation of LPE wGal would be carried through the same stepwise
sequence of investigations as that described above for GaAfAs with sufficient
thoroughness that a substitution could he madec if difficulties of an unresolvable
nature were to be encountered in developing the LPE GaAfAs 2,0eV cell,

The possibility of using MBE techniques to form the nonrectifying connecting
junctions between cells of the SMBSC structures bheing investigated in this task was
cxamined relatively carly in the program. As indicated in the earlier discussion of
GaAs junctions (Section 2.2.4), that method was successfully applied tor that purpose

as part of the activity of this task.

However, at the time the decision was made to change the program emphasis
late in Phase 1 it was determined that the particular three-cell SMBSC that was the
goal of this task would not be further pursucd in the Phase 1 program. It was also
agreed that LPE growth techniques would not be further developed as part of the
primary program activity, but that [.PE mecthnds wouwld be used as backup or ~ in
certain special cases ~ in conjunction with C\ D or MBE techniques if it appeared
that doing so would improve the chances of achieving the program goals.

The investigations carried out on this task during the PPhase 1 program are
summarized in the following sections.

2.5.1 LPE Growth of GaAfAs on Gals Substrates

Early in the program some preliminary LPE growth experiments were carried
out to prepare alloy layers with the approximate composition Gag,7A%0, 3As on
p*tGaAs single-crystal substrates. A complete window-type solar cell structure,
such as that required for the 2.0¢V cell of the three-cell SMBSC, was grown on an
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n*GaAs substrate. This structure consisted of a Gag, 1AR0),9As window layer on a J
pGag,7aLy,34s layer on an nGay, 7A%y, 3As layer (Eg~1.9¢V) on the substrate.

In addition, experimental growths were begun with p¥GaAs single-crystal
substrates for preparation of heavily doped p*Gag, 748, 3As layers and then
n*tGag, 7Afy,34As layers, in order to study the electrical properties of the resulting |
n*~p*interface in GaAfAs, the interface expected to be a low-resistance tunneling i
junction when properly doped on the two sides. The first experiments gave layers
having reasonable surface morphology, but ¢cross-contamination of the melts caused
by incomplete wipe-off resulted in compensated and only lightly doped n-type GaAfAs
layers, and thus only rectifying junctions were obtained.

Several possible methods for avoiding this difficulty were investigated,
including chenges in the LPE boat design. A special boat design was developed, and
considerable effort was devoted to finding an outside vendor capable of undertaking
the difficult fabrication tasks required by the design. A completed prototype was
finally received from the selected fabricator in the ninth month of the program, at
which time growth experiments were again undertaken in the GaAfAs-GaAs materials
system.

Some minor modifications in the boat were found necessary, and when these
were completed and the boat satisfactorily cleaned several attempts were made to
grow GaAfAs layers of the properties required for use in a GaAfAs (1.7eV)-GaAs
two-cell SMBSC connected by a conducting or tunneling junction. Unfortunately,

a leak in the Hs purifier diaphragm occurred at about this time and made the first
growth experiments unsuccessful, but the experiments were resumed after repair
of the purifier,

The LPE growth procedures with the new boat were improved to allow routine
and reproducible growth of the desired layer thicknesses and alloy compositions.
Several types of alloy cell structures were fabricated and characterized. The
structures grown included those shown schematically in Figure 103,

Camplete small-area cells were fabricated and characterized in structures of
both the conventional grown-layer type and the Zn-diffused type, as shown at
(a) and (b), respectively, in Figure 103, Some of the results are shown in
Figures 104, 105, and 106, in which typical illuminated I~V and dark log I-V,
sprectral photoresponse, and photoluminescence data, respectively, are given.

In general, these LPE cells were found to have good fill factors (typically
0.7-0.8) but relatively dissappointing Vo and Ig, values. On the basis of the deduced
Al content, indicated by .he bandgap cutoff of the photoresponse curve, the V,, values
should be about 100mV higher than those values typically observed. The Ig; values
should be larger than those measured by a factor of 2 to 5. As is evident in the
typical photoresponse curve of Figure 105, there was very poor utilization of the
short-wavelength end of the incident illumination by these cells. It appears that
increasing the A content of the window layer and optimizing the thickness of the
window layer and the junction layer would improve this considerably.
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Accordingly, some moditications were made in the parameters ol sereral LPE-
grown window-type alloy cell structures that were prepared late in the Phase 1 procram.

The principal physical parameters of two of those structures

are listed in Table 10.

Table 10, Principal Physical Parameters of LPE GaAfAs
Heteroface Solar Cell Structures*
Nominal Nominal Nominal Nominal Type of ] Kominal —¥
Sample A Concentr, Window A% Concentr. Junction Junction ;" Layer i
No. (x} in Window Thickness (x} in Junction Depth Processed I Thickness
{um) (um) i {um)
LPE 1009 0.80 1.43** 0.30 1.0 Zn diffused 1.0t
LPE 1011 0.80 0.57** 0.30 1.0 " 4.7t
" o - “ 1.0tt | Asgrown "
*Structures grown on (100) GaAs substrates at ~800°C.
**Measured in SEM.
tMeasured in optical microscope.
1tFound to bz 0.71.m by measurement.
145




14x 1078
1.2x1078
1.0x 10"
H v
oc = 1.0V
g 08x 1051 Igc = 1.3x 1075
= FF =076
= . n=0.4% a)
c 06x10°
>
(3]
04x108}-
02x10%1
oL 1
0 02 04 06 08 10
VOLTAGE (volts)
10-3 T
n= 1,607 \'
Jo=1&xw
amp/cm2
104}
2
2
£
s
- 105} (b
4
Wi
o
[+ o
o |
Q
108}
]
]
10-7 { { | | i
0 03 06 09 12 15 18

Figure 104,

VOLTAGE (volts)
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Characteristic of Zn-diffused-junction Window-type Gag,g1A%0, 39AS
Solar Cell Grown by LPE (Type b, I'igure 103)
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Figure 105. Typical Spectral Photoresponse of Zn-diffused-junction Window-~type
i Gag,61420,39As Solar Cell Grown by LPE (Type b, Figure 103)
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Figure 106, Typical 779K Photoluminescence Data for Conventional LPE-grown
Window-type Gag g1Afy, 39As Solar Cell (Type a, Figure 103)
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The first structure (sample LPE100Y) was grown with the two-laver configur.a-
tion pGag, 20y, 50AS/pGag, 108 ¢, 3938/n *GaAs (substrate), after which Zn wus
diffused through the upper (window) layer to form the three-layer structure
ptGa o, 20Mo, 30A8/ptGag,1A20.3938/nGag, 5120, 39A8/n7GaAs (substrate),  |he
advantage of this procedure is that only two LPE layers, rather than three, need be
grown, The Zn diffusion increases the conductivity of the window layer so thut ohmiic
contact can be easily made, without the necessity of etching through the window laver
to make contact directly to the p-type active layer. However, the window thickness
(~1.4 um) on this structure was larger than intended, so it was ditficult to control
the Zn diffusion depth. As a result, the 7n penetrated too far into the structure in
this sample.

The other structure (sample LPPE1611, Table 10) was similar dimensionally to
those prepared by MO-C\VD except for the somewhat thicker (~0.6 um) window layer.
It was grewn initially as a three-layer structure, distinguishing it from sample
LPE 1009. The junction depth in this sample (p layer thickness, Table 10) must have
been close to optimum, judging from the short-circuit current density of $.5maA/cm®=
obtained with AMO illumination and no AR coating.

The measured performance parameters for these LPE cells are given in
Table 11. The as-grown cell measured on the three-layer sample LPE1011 is seen
to exhibit an efficiency of ~4.6 percent and a good fill factor of 0.74. However, the
cell processed witu Zn diffusion for this structure had a much lower short-circuit
current density and a much lower conversion efficiency (although good V. and fill
factor) than did the as-grown cell.

Table 11. Measured Photovoltaic Properties of LPE-grown GaAfAs Heteroface
Solar Cells Listed in Table 10 (AMO simulated illumination).

Type of Deduced™ At Nominsl
Sample Junction Concentr. Junction Voc Jsi. Fil Efficiency
No. Processed (x} in Junction Depth {um}{ (volts) | (mA/cm2) Factor (%)
LPE1009 | Zn diffused 0.39 1.0 1.005 0.51 0.759 0.29
LPE1D1Y "’ 0.24 1.0 1.050 2.57 0.767 1.53
" As grown v 1.0** | 0.970 8.53 0.742 4.55

* A& content of junction layers deduced from fong-wavelength cutoff in measured spectral response curve,
**Found to be 0.71um by measurement.

The spectra. respoase curves for the “Zn-diffused cell LPE1009 and the
as-grown cell of sample LPE1011 are shown in Figure 107. The as-grown cell of
sample LPE1011 shows much better blue response as well as much higher overall
response, as indicated also by the Jg. values in Table 11. This result is consistent
with expectations based on the difference in junction depths in the two structures.
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Figure 107, Spectral Response Curves for Zn-diffused Heteroface Cell LIPPE LuyY
and As-grown Heteroface Cell of Sample LPE10.1 (see Tables 10 and 11

2.5.2 LPE Growth of InGaaAsP
The study of LPE growth of InGaAs layers in Task 3 (Section 2.3) provided u
preliminary basis for the growth of InGaAsP layers also by the LI'E process.,

Early in the program experiments werc undertaken to grow InGas! by 1.I'E at
ERC Thousand Oaks, for possible use as the 1.0¢V cell material for a three-cell
SMBSC consisting of GaAfAs, GaAs, and InGaAs ! cells in series. The specific
multilayer structure that was prepared consisted of four epitaxial LPE lavers grown
on a single-crvstal substrate wafer of nTInP’. The layers were, from top to bottom,
1) pInP, 2) pInGaAsP, 3) nInGaAsP, and 4) nInP’, Although x-ray analysis of the
quaternary layers confirmed a composition of Ing,75Gag,2548¢,50,5, indicating a
lattice match to InP and a bandgap energy of ~1e\, measurements of photovoltaic
response showed a cutoff at ~0,95 um, which corresponds to the Inl band edge.,

It was speculated that “n diffusion [rom the p-type layers grown as the final
two steps in the LPE growth sequence moved the active p-n junction from the inter-
face hetween the two quaternary layers to some location within the original n-tvpe
buffer layer of Ini’>, Dossible solutions to that situation involved reduction of the
amount of “n in the melt and shortening of the duratica of growth of the “n-doped
layers (the upper two layers), to attempt to reduce the Zn diffusion that appeared
to be occurring near the end of the growth sequence.,
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However, these possibilities were not pursued further with the InGaAsP
materials system. The question of Zn diffusion was addressed in the work with
the LPE growth of InGaAs layers in Task 3 (Section 2.3), but all LPE growth
studies in this materials system were finally curtailed when the program
emphasis was changed later in Phase 1,

2.6 DEVELOPMENT OF AR COATING TECHNOLOGY

This task (Task 7) was intended to include the development of materials and
processes to be used for fabricating the required AR coatings for the candidate cell
assemblies considered for eventual use in Phase 2 of the program. It was originally
planned that such developments would be completed before the end of the {irst phase
of the program, so that the performance of candidate SMBSC's could be established
with AR coatings to provide the basis for selection or rejection of each for further
development.

The plan originally developed to achieve that goal involved starting the work on
the materials and processes for AR coatings for the two-cell SMBSC configurations
in the seventh month of the program anid continuing it to the end of Phase 1, while
that on the coatings for the threc-cell composites was to begin in the tenth month
and continue through the remainder of Phase 1. In both cases, appropriate materials
and the processes for producing them in multilayer coatings that would result in
reduction of reflection losses throughout the wide band of wavelengths for which the
SMBSC is potentially effective as a power converter were to be identified. This
work was to be based in part on the modeling studies of Task 1 and in part on results
of experimental measurements of reflection losses in the various multilayer struc-
tures grown in Tasks 2-5, inclusive. The modeling studies were expected to identify
optimum coating material parameters and number of layers in the AR coatings for
various composite cell structures.

Experimental multilayer coatings were also to be prepared in this task. The
stability of those experimental coatings under AMO illumination was to he established,
as was the effectiveness of each coating in improving cell performance. Based on
such measurements, required changes in materi.il compositions or in multilayer
configurations and/or formation techniques would then be made to achieve the
necessary AR coating characteristics for the candidate SMBSC configurations.

After the program began it became clear that experimental devclopment of
AR coatings should be delayed until other aspects of the experimental program
had advanced further. The multilayer AR coating design calculations that were
carried out as part of the Task 1 activities (see Section 2,1,1) were a prerequisite
to the development of practical AR coatings and coating procedures, but there was
no corresponding experimental preparation or development of the specific coatings
indicated by those calculations.

Development and application of suitable AR coatings will be involved in the
Phase 2 program, as selected SMBSC structures are further developed and require
optimized performance conditions.
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3. SUMMARY AND CONCLUSIONS

A 14-month (Phase 1) program of experimental investigation backed by
analytical modeling has been conducted to develop technologies required for fabricating
stacked multiple-bandgap solar cell assemblies having AMO 1-sun efficiencies of
25 percent or greater at 250C, Investigations were undertaken in the following four
SMBSC materials systems, in accordance with the requirements of the contract:

1) two-cell GaAs-Ge structure, made by MO-CVD and conventional C VD methods;

2) two-cell GaAs-InGaAs structure, made by LPE techniques; 3) three-cell
GaAflAs-GaAs-GuaAsSb structure, made by MO-CVD methods; and 4) three-cell

GaAf As-GaAs-InGaAsP structure, made by LPE methods. After the program began,
MBE deposition techniques were added to the investigations of structures 1, 3, and 4.
With three months of Phase 1 remaining, a change in program emphasis was intro-
duced by the Air Force to limit the investigations to GaA{ As-GaAs and GaAs-Ge
two-cell structures and the three-cell GaA/!/As-GaAs-Ge structure that might also
result. Principal emphasis was to be on the MO-CVD technique, supplemented by
MBE, LPE, or other deposition and/or processing techniques when appropriate for
achieving the program goals.

The work carried out during the Phase 1 program is summarized below, by
task.

Task 1. SMBSC Modeling and Analysis

Previous work at Rockwell on the modeling of GaAs solar cell pertormance,
both for normal one-sun illumination and for high-concentration (multiple-sun)
illumination conditions, was used as the starting point for analytical studies of Ge
solar cell performance, GaAlAs heteroface cell performance, spectral photo-
response of thin-window GaAs cells, and multilayer AR coating design.

The Ge cell modeling showed that the cell response for energies below the Ge
direct bandgap (i.e., for A > 1,5 um) drops very rapidly, even for a wafer-based
p*t/p*/n cell structure and a substrate thickness of 300 um, due to the limited
optical absorption in the indirect-bandgap region (1.5 <A <1.3 um). Addition of a
back-surface field (BSF) by formation of an n-n” junction at the rear of the structure ]
has little effect, for the same reason. However, the BSF was shown to be quite
advantageous in very thin Ge cells (e,g., all-deposited structures a few pm thick)
for energies above the direct bandgap — especially in the region 0.9 <A <1,5um.

Modeling the performance of GaAl As alloy heteroface cells having the struc-
ture p*Gal-yAl yAs/pGa]-xAlyAs/nGaj_yAl As (y = 0.8-0.9, x = 0.2~0.3) and
matching the modeled response to the experimentally determined spectral responses
of such cells made by the LPE technique allowed estimates to be made of minority
carrier diffusion lengths in the junction layers of these devices. This procedure
indicated this parameter to be ~0.5 um, in substantial agreement with empirically
[ deduced values for the same parameter in the junction layer of similar device struc-
tures grown by the MO-CVD process.
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Similar matching of modeled and measured spectral photoresponses for thin-
window GaAs cells made by the MBE technique was undertaken to obtain estimates
of certain cell parameters and to provide some guidance in cell design. However,
satisfactory match was not obtained unless window-layer thicknesses much larger than
those known to be involved were assumed or much different rellectivity values than
those used in the correction of the experimentally determined photoresponse data
were introduced. Based on these results it appears that specific reflectivity meas-
urements must be made for each window-type cell evaluated if correct internal
photoresponse curves are to be obtained.

Analytical modeling techniques were also employed to develop an algorithm for
use in specifving the design parameters of n-layer AR coatings, where n=3, for
application to SMBSC assemblies; these have spectral ranges broader than those of
any of the single cells involved. Some extension of the spectral range covered by
two-laver AR coatings was shown to be possible by design changes, but it was found
that far better broad-range coverage (e.g., 0.3-1.8 ym lor two-cell or four-cell
assemblies and 0.3-1.2 um for three-cell assemblies) can be achieved with three-
laver coatings employing MgF2 or CaFg for the top layer, SiOg for the middle layer,
and TunOg or TiOg tor the bottom layer, Several specific multilaver coatings were
designed, although there was no experimental development of these designs in Task 7
because the status of the contract work in Phase 1 did not require it.

Task 2. GaAs-Ge SMBSC Technology Development

Investigation of the two-cell GaAs-Ge SMBSC structure received considerable
emphasis, Initially, exclusively the MO-CVD process was used for growth of the
GaAs heteroface cells and conventional CVD, utilizing the pyrolysis of GeHy in Ho,
for deposition of the Ge cell structures. Later in the program, however, the MBE
technique was incorporated in the investigations for growth of both GaAs and Ge cells.

Attention was given to two possible SMBSC configurations. The preferred one
inv ol\od an epitaxial GaAs heteroface cell on an epitaxial conducting junction (either
an n” /p* junction in GaAs or an n “GaAs/p*Ge heterojunction) on an epitaxial Ge cell,
all grown on a single-crystal n* Ge substrate wafer. The other involved a GaAs
heteroface cell epitaxially grown on the front face of a single-crystal n*GaAs sub-
strate wafer and an inverted n/p Ge cell grown epitaxially on a p’ Ge epitaxial layer
deposited on the back face of the n*GaAs and forming the conducting intercell junc-
tion. These configurations required reestablishing or developing satisfactory
deposition parameters for achieving high-efficiency GaAs heteroface cells, developing
deposition (or other) procedures for preparing good Ge cells, and developing methods
for making conducting intercell junction structures. The combining of these com-
ponents into functioning two-cell stacked assemblies was accomplished late in the
program, but performance characteristics were not fully established.

The GaAs heteroface cells prepared on GaAs substrates by the MO-CVD
process early in the program were decidedly inferior to those prepared in essentially
identical configurations in earlier studies at Rockwell. Contact definition and
metallization and series resistance problems were responsible for part of the situa-
tion initially. The possibilities of continued processing difficulties and unidentified
impurities entering the cell structures from a reactant source tank were examined
systematically to attempt to identify the cause, but no single obvious problem was
isolated,
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Gradual improvement in MO-CVD GaAs cell performance continued throughout
the program, however, to the point that cells with Voe = 0,97V, Jgo = 20mA/cm2,
fill factor ~ 0.8 and n = 11.5 percent (AMO, no AR coating) were being made by the
fourth quarter. Use of a good AR coating would increase the AMO efficiency of such
cells to ~16.5 percent which, although not as high as the previous best performance
achieved at Rockwell in MO-CVD cells, was quite adequate for the purpose. Further,
a very high degree of uniformity of MO-CVD cell performance over the area of sub-
strates up to 2 cm x 4 cm was demonstrated by measurement of 1-V characteristics
and spectral photoresponse of individual 0.5 ¢m x 0.5 cm cells processed in arrays
on such substrates, illustrating one of the major strengths of the MO-CVD process
for large-area cell growth, It did not appear that variation in deposition temperature
within the preferred 700~750°C range produced significant differences in overall cell
performance, but thinner GaAfAs window layers (500—800A) and thinner p layers
(~0.75 um) in the active GaAs region did appear to give generally improved photo-
voltaic response.

GaAs heteroface cells grown by MO-CVD on Ge substrates, however, con-
sistently had higher leakage currents and generally poorer photovoltaic properties
than those prepared with nominally the same parameters on GaAs substrates. The
best cells on Ge typically had parameters of Voe = 0,96-0, 98V, Jge = 16-17mA/cm2,
fill factor - 0,70-0.7%5, and n - 8-9 percent {AMO, no AR coating). Uniformity of
cell performance over the area of a large substrate was also not as good as that
typically iound for cells grown on GaAs substrates, indicating possible non-
uninformities in the properties of the Ge substrate material used. Although device
processing used early in the program may have been responsible for some of these
effects other factors were probably dominant. Lower junction leakage and generally
better cell performance were obtained when the Ge substrates were coated with
~10004 of sputtered SiOg (except on the growth surface) to prevent interaction of the
substrate and the MO-CVD reactant atmosphere. However, no attempt was made to
evaluate the physical integrity of these coatings or to determine an optimum thickness
or deposition procedure.

Analysis by Auger electron spectroscopy of the interfacial region of epitaxial
GaAs films grown by MO-CVD on (100)-oriented Ge substrates showed the width of
the transition region to be dependent upon the specific experimental conditions used
during initiation of the GaAs layer growth. A minimum "interface width" of ~45
resulted when the TMG and the AsH3 were introduced simultaneously into the deposi-
tion chamber to start GaAs growth., This was not the standard procedure, however,
Clear evidence was found (primarily by x-ray topographic analysis) that GaAs-Ge
structures grown with the standard predeposition procedure, involving exposure of the
substrate to AsHg foi several minutes prior to introduction of the TMG to initiate
GaAs growth, have a more defective interface region than do those prepared with a
modified procedure in which the exposure to AsH3 is of only a few seconds duration.
However, less conclusive results were obtained for the photovoltaic performance of
resulting GaAs cells in the two cases, although the modified procedure does appear
preferable, especially in terms of the cell {ill tactor. Further investigation of this
problem is required to provide more conclusive evidence,

Differences among MO-CVD cells on GaAs and on Ge substrates were most
distinct in the short-circuit current densities achieved, indicative of low photocurrent
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collection efficiencies probably associated with low minority carrier diffusion lengths
in the defected GaAs layer adjoining the Ge. Modified cell design (layer dimensions
and doping impurity concentrations) and improved substrate quality are expected to
result in improved cell performance. No sharply defined preferred temperature was
observed for GaAs cell growth on Ge, although the 700-750°C range was again pre-
ferred, with generally higher junction leakage currents resulting for higher tempera-
ture growth and junction leakage plus excessive series resistance occurring for
growth temperatures below ~690°C,

Heteroface GaAs cells formed by the MBE process on GaAs substrates were
of generally good quality, even though relatively little program effort was devoted to
exploiting the MBE technique for that purpose. The best cell performance was
represented by the following parameters: Voo = 0.94V, Jge = 17, 2mA/cm?2, fill
factor = 0.84, and 7 = 10. 1 percent (AMO, no AR coating); with a good AR coating
such a cell would have an AMO efficiency of over 14 percent. GaAs layers and
nGaAs/pGaAs junction structures were grown by MBE on Ge substrates and were of
generally high quality, although the junction structures appeared also to involve a
pGaAs-nGe heterojunction formed unintentionally at the GaAs-~Ge interface. Further
investigation of such MBE structures was in progress at the end of the Phase 1 pro-
gram and is expected to continue into Phase 2,

Formation of Ge solar cells was undertaken by conventional CVD techniques
(GeHyq pyrolysis in Hg) and by MBE methods; limited experiments were also done
with spin-on oxide impurity sources to produce junction structures in bulk Ge wafers
by thermal diffusion procedures, Since the most attractive configuration for the two-
cell GaAs-Ge SMBSC is that in which the Ge cell, the connecting junction, and the
GaAs cell are grown in sequence on a single-crystal Ge substrate, most program
emphasis was on the formation of Ge cell structures on Ge substrates.

Although the GeHy pyrolysis reaction in Hg can be used in the temperature
range ~550~8500C, the best results were obtained at the higher temperatures
(~8009C), where the structural quality and surface morphology of the epitaxial films
are best and the efficiency of incorporation of dopants (especially B from BgHg) is
highest. Unfortunately, the stability of the substrate — whether Ge or GaAs —is
reduced at those temperatures, and some difficulties with out-diffusion of Sb (or
other impurity) from Ge substrates and with As loss at the surface of GaAs substrates
(with attendant liberation of Ga metal and subsequent entry into the growing Ge film)
were encountered if lengthy deposition experiments were undertaken. The fact that
relatively high Ge deposition rates (up to ~0.7 pm/min) could be achieved at the
higher temperatures allowed relatively short growth times for most Ge layer thick-
nesses., However, if prolonged depositions for very thick layers were to be neces-
sary this could become a problem requiring further attention,

The Ge cell performance results improved considerably when the deposition
experiments were transferred from a GaAs MO-CVD reactor system to one that had
previously been used only for Si CVD., Ge cell structures were then made by growth
of B-doped p-tvpe layers on either undoped n-type layers or directly on doped n-type
Ge substrate wafers. The best cells had the following characteristics:

Voe 190-200mV, Jge = 31-33mA/cm2, fill factor = 0.65, and 1 = ~3 percent (AMO,
no AR coating); with a good AR coating to reduce reflection losses an AMO efficiency
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of ~4 percent would result for such a cell. It is clear that intentionally doped n-type
lavers, rather than the nominally undoped n-type layers used in all of the cell struc-
tures investigated, must be employed to improve the photovoltaic properties of the
CVD Ge cells. Also, relatively minor changes in cell design parameters — especially
layer thicknesses and doping concentrations — should result in significant improve-
ments in cell performance. Modifications in the Ge cell contacting procedures
(especially the contact alloying schedules) are required to allow maximum device per-
formance to be achieved tor any cell design., These improvements should be pursued
in the Phase 2 investigations.

Ge cell structures were also made by MBE techniques late in the Phase 1 pro-
gram. A layer ol As of appropriate thickness was deposited on p-type (100) Ge in
the MBE apparatus and subsequently diffused at elevated temperature to produce a
diffused n-p junction. The resulting cells, although not as good as those formed by
CVD, were adequate for use in preparing two-cell stacked GaAs-Ge structures by
MBE techniques.

Connecting intercell junction structures for GaAs-Ge SMBSC's were made in
GaAs by both MO-CVD and MBE as well as by a combination of the two deposition
techniques. Although a few n*GaAs/p* Ge heterojunction structures were grown by
MO-CVD early in the program, attention shifted at an early date to
n*GaAs/p*GaAs and p*GaAs/n*GaAs structures grown on GaAs and Ge substrates.
Deposition temperatures ranged from 630 to 7500C, with generally better results
being obtained at the lower temperatures (<650°C). Good tunnel junction character-
istics were obtained in p*/n* structures (each region ~0.6 ym thick) grown at 650°C
on GaAs substrates, with peak-to-valley ratios of 4:1 and peak current densities up
to ~100 mA/cm2, Good tunneling characteristics were also obtained in n*/p” struc-
tures of similar dimensions grown at ~6300C, with an almost linear I-V character-
istic indicating very high conductivity — more than adequate for use as an intercell
connection under 1-sun AMO conditions.

Despite the fact that preliminary annealing tests of some of the tunnel diode
structures indicated that the tunneling characteristics might not survive subsequent
elevated temperature processing required for growth of the top cell in a stacked cel!
assembly, the n*/p* GaAs structures grown at 630°0C were used in producing the
first two-cell GaAl As-GaAs SMBSC's. (Similar SMBSC structures employing
n"GaAl As/p'GaAl As as the connecting junctions were also prepared, but only the
structures with the connecting junction in the GaAs exhibited tunneling properties.)
The extent to which the MO-CVD tunnel diode structures, which involve Zn as the
p-type dopant and Se as the n-type dopant, would consistently survive subsequent
elevated-temperature processing remained an unanswered question to the end of the
Phase 1 program and will require further investigation in Phase 2.

However, the formation of p'GaAs layers by MBE techniques with Be, a slow-
diftusing impurity in GaAs, as the added acceptor provided a possible alternative
solution to this problem. A hybrid n*/p* tunnel junction structure, consisting of
n*GaAs:Se formed by MO-CVD at ~6300C on p*GaAs:Be formed by MBE on a GaAs:Cr
substrate, exhibited usable tunneling properties, although not as good as those of the
all-CVD structure grown at 630°C. Tunnel junction structures of
n*GaAs:Sn/f”GaAs:Be, with thick (~1ym) layers deposited entirely by MBE tech-
niques on p"GaAs single~crystal substrates at~540°C, exhibited ohmic behavior.
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When thinner (~500X) junction layers were used similar low-resistance ohmic
conduction resulted. Thermal cyveling tests of both structures showed that there
were no adverse elfects on the high conductance of either one following exposure to
a temperature-time cycle typical of that involved in LPE growth of a window-type
GaAs solar cell structure. It thus appears that a satistactory connecting junction
that will survive subsequent high-temperature processing can be made in GaAs by
the MBE technique.

Experimental two-cell GaAs~-Ge stacked assemblies were muade entirely by
MBE techniques and by combined MO-CVD and MBE near the end of the Phase 1
program, but no such assemblies were completed using CVD techniques exclusively,
The all-MBE structure appeared to contain a complicated double heterojunction
rather than the intended two-cell and tunnel-junction structure. The hybrid struc-
ture involved a heteroface GaAs cell grown by MO-CVD at 7500C on an
n° GaAs:Se/p GaAs:Zn tunnel junction grown by MO-CVD at 630°C on a Ge cell struc-
ture made by MBE techniques. Processing of this stacked assembly was not com-
pleted before the end of Phase 1, however. Additional SMBSC structures involving
GaAs and Ge cells prepared by various combinations of CVD and MBE techniques are
expected to be prepared and evaluated in Phase 2. In particular, structures involving
MBE-grown tunnel junctions should be exploited because of the apparent temperature
stability of the Be-doped p-type GaAs prepared by MBE.

Task 3. GaAs-InGaAs SMBSC Technology Development

Investigations of the two-cell GaAs-InGaAs SMBSC system to be made by LPE
growth methods on n*GaAs substrates involved principally the experimental growth
of InP and InGaAs layers on InP and GaAs single-crystal substrates and an evaluation
of the ARGaAsSb materials system as an alternative to InGaAs for the low-bandgap
cell of this SMBSC structure,

Experimental LPE growth of p'InP layers (to serve as the lattice-matched
window material for the low-bandgap InGaAs cell) on n*GaAs substrates was only
partially successful. Growth from both In and Sn solvents was studied, with the
former producing acceptable growth on (111B)GaAs in a narrow temperature range
around 520°C and the lutter resulting in rough but marginally acceptable layers on
(100)GaAs at higher temperatures (600-800°C) provided that large vertical tempera-
ture gradients were maintained across the liquid-solid interface to maintain the
substrates below the temperatures normally indaced by the process, thus minimizing
etch-back. However, high densities of In inclusions persisted at the growth inter-
lace, rendering the structures impractical for use in stacked cell configurations.
Therefore, to circumvent such difficulties, InP layers were grown separately on
GaAs substrates by the MO-CVD process for use in the subsequent LPE growth
experiments with InGaAs,

LPE growth experiments were undertaken with the lattice-matched (to InP)
ternary composition Ing, 52Gag_48A8. Several p-n junction structures were grown,
initially on single~crystal (111B) InP substrates. Despite some problems in making
ohmic contacts, these structures were characterized and found to have low current
collection efficiency as well as questionable stability of location of the junction, due
to probable movement of Zn (the p-type dopant) during the LPE growth process,
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There was also some evidence that an InP-{nGaAs heterojunction had resulted,
producing defect-assisted tunneling currents rather thuan simple p-n junction
characteristics,

Growth of thicker undoped InGuaAs layers at relatively low temperatures
(~630°C) on polished (111B)-oriented p Inb substrates, with slight substrate etch-
back prior to growth, resulted in n-type materiul ol approximate composition
Iny, 53Gag, 47As (bandgap energy ~0.7 eV) in which a junction was evidently formed
by Zn out-dilfusion from the substrate. Solar cells fabricated from this material
exhibited Ve values <0. 1V and Jg. values of ~16mA/em< (AM1, no AR coating),
with the low photovoltages attributed to large Jo values and poor diode factors.
There was some indication that an additional barrier _ perhaps a heterojunction at
the InGaAs-InP interface — had been formed during the growth process.

Some preliminary experiments were then undertaken with growth of InGaAs on
the MO-CVD InP/GaAs composite samples previously prepared, but discontinuous
layers with poor melt wipeolt were obtained, probably due to the extreme catition
exercised in attempting to avoid loss ol the relatively thin InP layers by meltback as
growth was being initiated. The work was not pursued further, however, because
of the change in technical emphasis introduced late in the program,

When the problems were first encountered in the In}P/InGaAs system early in
the program some attention was diverted to A¢ GaAsSb as a possible alternative
small-bandgap cell material. Window-type cell structures were grown on n-type
single-crystal GaSb substrates by LPE with the configuration
pGag, 7A¢(, 3AsSh/pGaSb(undoped)/nGaSb(substrate), but poor photovoltaic properties
(especially fill factor and short-wavelength response) were obtained. Modified
structures, with improved contacts to reduce series resistance and thinner pGaSb
lavers to improve short-wavelength response, were then prepared with the configura-
tion p' Gag, 7A? g, 3AsSb/pGag, 9A? g, 1Sb/nGaSh (substrate), Addition of A¢ to the
GaSb p layer reduced the layer growth rate, so that shorter deposition times (~1 min
at ~5200C) allowed growth of p layers that were 2-3 pum thick.

These changes allowed attainment of cells with the parameters V. = 0.240V,
Jse = 29mA/cm2, fill factor = 0,51, and n =~3.5 percent (AM1, no AR coating).
Junction leakage and series resistance remained as problems, but the results were
sufficiently encouraging to prompt a brief investigation of various contact materials
for both p-type and n-type GaSb to attempt to reduce series resistances losses, Pure
Au contacts were found best for both conductivity types. Several additional cell
structures, including some with higher A¢ composition (~0.7) in the window layer,
were subsequently prepared, but the investigations were not carried further because
of the change in program emphasis invoked at that time.

Task 4. GaAlAs-GaAs-GaAsSb SMBSC Technology Development

Investigations of the several technologies required for the three-cell
GaAl As-GaAs-GaAsSh tandem structure were given major emphasis, It was origi-
nally expected that exclusively MO-CVD techniques would be used to make this struc-
ture, but MBE methods were introduced to supplement the MO-CVD process part way
through the program. Also, near the end of Phase 1 the program emphasis was
shifted to the GaAl As-GaAs-Ge materials combination, at which time no further effort
was directed to GaAsSb as the small-bandgap material.
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The technologies requiring most ot the development attention were the growth
and fabrication of satisfactory GaA¢ As cells with 1.8-2,0 eV bandgaps, the prepara-
tion ol high-conductance connecting junctions in GaA¢ As and/or in GaAs (the latter
already described), the growth and fabrication of GaAsgy 5Shg, 5 1.0 eV cells by
MO-CVD, and the combining of the components into a stacked cell assembly. Experi-
mental studies were conducted in all of these areas except the preparation of GaAsSb
cells by MO-CVD; this materials system was investigated brieflv using LPE tech-
niques, as noted above, but MO-CVD studies had not been undertaken prior to the
time at which the program emphasis was changed.

The experiments with GaA{ As large-bandgap cell structures were essentially !
all done with n*GaAs:Si or GaAs:Te substrates. Cell configurations were typically
p Gap_y A vAs pGay_xAd ¢As/nGay _ Al xAs (v20.8, x - 0.2-0.4), in some cases with
a thin p' GaAs:Zn cap laver on top of the window layer to facilitate contacting the
junction laver of the cell. Deposition temperatures ranged from 700 to 800°C, with
T500C the most commonly used, Most completed cells were 0.5 c¢cm x 0.5 ¢m,
although small individual mesa cells in several sizes were also fabricated at times.
Good [-V characteristics (dark and illuminated) were obtained with these devices
almost from the start. Cell response appeared to improve generally with increasing
deposition temperature, and compositions with x - 0.24 in the active regions gave
better performance than those with x - 0.3 or 0.4 in these early devices.

[t became clear, from analysis of the performance of the first two-cell
GaAlAs-GaAs SMBSC(C's, that the alloy cells were probably the main limiting factor
in performance of the stacked structures. Spectral response measurements on
separate alloy cells with various layer dimensions and design parameters showed
that reduced short-wavelength responses were responsible for the relatively small
Jge values typically obtained with these cells, although the degree of uniformity of
response among an array of 15-20 cells formed on a single large GaAs substrate
was extremely high., [t appeared that poor current collection efficiency (i.e., small
minority-carrier diffusion length) in the pGaAlAs active layers was most likely
responsible for the reduced high-energy responses, The best parameters observed
with alloy cells grown at ~7500C on an n*GaAs substrate and having the nominal con-
liguration pGag, 2AL g, 8As(10004)/pGag. 76ALg. 24A8(0.6 pm),'nGag, 7¢Al g, 04As(2.4 um)
were Voo~ 0.96V, Jge = 12.0mA/cm2, fill factor - 0.63, and 1 - 5.4 percent (AMO,
no AR coating).

Late in the program several groups of alloy cells with window~laver thicknesses
from 0.0% to 0.15 gm, and Zn-doped p-laver Al compositions of x - 0.18-0.35 and
thicknesses ranging from 0.3 to 1.5 um were grown at ~7500C. It was found that
Voc increased as the A¢ content of the junction-forming layers increased, especially
for x >0.2, hut the Vg values were appreciably less than the theoretically expected
values for all but very low (x <0.10) Al compositions. The highest Vg value
observed was ~1, 1V for cells in which x = 0.35. The Jg values were shown to
depend upon hoth A¢ content and thickness ol the window laver as well as the junction
laver. Active laver compositions with x ~0,3 seemed superior, and junction depths
less than ~0. 7 um were clearly preferred, with thicker p lavers causing reductions
in Jge. This indicated that minority-carrier ditlusion lengths were probably <0, 5 um
in the GaA/ As p lavers made by MO-CVD, Spectral response measurements showed
that window laver compositions with v 0.9 allowed better blue response and higher
Jge values than those with v 0.8, and window layer g)hi('kncss.:(*s <%008 were pre-
terred.  Most cells had Jg. values less than 6mA‘em# lor AMO illumination, no
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muatter what compositions or dimensions were involved; {ill factors ranged from 0.60
to 0.76 and etliciencies were =4 percent (no AR coating).

A few alloy cells were processed with Zn ditfused into the window laver to
inerease its conductivity and produce a front-surface field as a possible means ol
improving cell performance. Although this procedure did appear to increase the
Jge values for some MO-CVD cells, it had the opposite ellect tor other MO-C\D
cells and for the LPFE GaAd As cells on which it was used, so it was not further
pursued. As of the end of the Phase 1 program the performance of the GaAl As cells
still required considerable improvement, so continued emphasis in this area is
anticipated in Phase 2,

Several attempts were made to achieve tunneling properties in GaAd As junction
structures grown by AMO-CVD, beginning early in the program, for the purpose of
providing the connecting junction between GaAd As cells and GaAs cells in stacked
assemblies. Bothn' /p' and p/n* junction structures with Gaj_yAiyAs composi-
tions of y (.08 to v 0.37 were grown at temperatures of 700 and 750°C, bhut at
best only weak tunneling was observed. Although the emphasis in the remainder of
Phase 1 was on tunnel junction structures in GaAs, it is expected that further effort
will be devoted to achieving tunneling structures in the alloy in the Phase 2 program
since that configuration is prelerred in terms of overall performance of the stacked
assemblies. :

Two~cell GaA{ As-GaAs SMBSC's were fabricated and tested approximately
midway through the program, as soon as evidence of tunneling in n'/p’ structures in
GaAs had been observed. Although such structures were made with the connecting
n’ /p’ junction structure both in GaAs and in GaAl As, only the former exhibited
adequate tunneling properties. The successiul configuration was
GaA{ As cell/GaAs n*-p’ junction/GaAs cell, grown by MO~CVD on an nGaAs:Si
substrate. Best results were obtained with a structure in which the alloy cell con-
tiguration was
p Gag, 2A¢ o, gAs:Zn(10004)/pGag, 7A¢ ¢, 3As:Zn(0. 75 um)/nGag, 7A¢ ( gAs:Se(2.5 um),
The tunneling junction was n*GaAs:Se(0.4 um)/p’ GaAs:Zn(0.4 um) and the GaAs cell
was pGag, 7A¢ 0, 3A8:Zn(0.5 um)/pGaAs:Zn(1.0 pm)/nGaAs:Se(4.0 um). Growth
temperatures were 750, 630, and 700°C, respectively, for the three component
regions,

Under tungsten lamp illumination this SMBSC exhibited a V,. of ~2,1V and a
Jgc of ~4.5mA/cm2. This represents the first successful achievement of a stacked
cell grown completely by a vapor-phase process and exhibiting voltage addition. The
Voe value is believed to be the highest achieved up to that time lor a stacked cell
grown by any process. It appeared that the Gag, 7A{ g, 3As cell in this structure was
probably the limiting component in the performarce of the stacked assembly, pre-
venting higher photocurrents from being collected.

Because of some evidence that better alloy cell performance was obtained for ;
higher growth temperatures, some GaAd As-GaAs stacked structures were grown in
which the alloy cell was deposited at 775 and 800°C, but increased leakage currents
and lower Vg¢ values were obtained in each case. Further investigation is required
to determine if these effects may have been caused by dopant diffusion in the lower
layers of the structure during growth of the alloy cell at the higher temperatures.

At the end of Phase 1 several additional two-cell stacked structures were grown with
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greatly reduced thicknesses in the tunnel junction layers (~100] each) und the alloy
cell deposited at 75000 to attempt to improve the properties ol the resulting SAMBSC,
[nitial evaluation of some ol the cells, wlthough not complete, indicated that the
intended improvements had not been achieved. Thus, work with the GaAc As-GaAs
two-cell tandem structure must be continued into the Phase 2 program in order to
realize the overull performunce expected of this materials combination.

Tusk 5. GuAe As-GaAs-InGaAsP SMBSC Technology Development

The study ol the three-cell GaAd As-GaAs-InGaAsP SMBSC assembly to be
made by LLPF methods using both surfaces of n” GaAs single-crystal substrates
involved two main areas of investigation — LPE growth of 2.0 eV GaAd As cell strue-
tures on GaAs surfaces and LLPE growth of 1.0 eV [nGaAsP lavers. Existing well-
established methods for 1.PE growth ot GaAs cells provided the third major cell
technologv. The GaAs (or GaAd As) tunnel junctions and InP - GitAs tunneling hetero-
junctions developed in other tasks and emploving either L.PE or MBE techniques were
expected to provide the needed cell interconnections,

Window-tvpe allov cell structures were grown by L.IPF on n” GuAs substruates
early in the program, with the configuration
p Gag, 1AC0, 9As 'pGag, 7AL g, 3As/nGag, 1A g, 3As, Some experimental n’ ‘p° alloy
structures were also grown, but incomplete wipeolfl in the LPE boat resulted in cross-
contamination ol the melts and unsatisfactory structures. A special LPE boat was
then designed, and fabrication was completed by an outside vendor several months
later. Moditied [.PE growth procedures were developed for use with the new boat,
and several tvpes ol alloy cell structures were prepared.

Complete small-area window-type cells were fabricated both by conventional
processing and by processing that involved Zn diffusion into the window laver,
Window-layver Al contents were in the range y - 0,8-0.9 and junction layer A¢ con-
tents x 0.2-0.4. The cells generally had good fill tactors (typically 0.7-0.8) but
relatively low Vge and Jg. values. Spectral response curves showed poor utilization
of the short-wavelength illumination, indicating needed changes in window layer
thickness and junction layer thickness and A/ content,

Some additional alloy cells were prepared near the end of Phase 1, including
several in which only a p-type active layer and a p-type window layer were deposited
ir succession by LPE on an n'GaAs substrate, followed by Zn diffusion through the
window laver and the p layer to produce the active p-n junction, just inside the sub-
strate. However, in the abbreviated investigation it was found difficult to control
the diftused junction depth. The cells grown and processed by conventional procedures
were somewhat better; Jg. values up to 8.5mA/cm2 and efficiencies up to 4.6 per-
cent (AMO, no AR coating) were obtained, Open-circuit voltages (~1,0V)and {ill factors
(~0.75) were about the same for both types of cell.

Only limited investigation ol the LPE growth of InGaAsP for the 1.0 eV bandgap
cell was undertaken. Multilayer structures of the configuration
pinP /pIlnGaAsP/nInGaAsP/nInP were grown on n'InP substrates. Analysis showed
the quaternary layers had the composition Ing, 75Gag, 25A8¢ 5P0, 5, indicating a
bandgap ot ~1eV and a lattice match to InP, but photoresponse measurements showed
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cutoff at the InP band edge, This was believed caused by Zn dopant diffusion from
the two upper layers into the nInP buffer layer, shifting the active junction to that
location. Although the problems of Zn diffusion in LPE growth in the InGuAs system
were examined in the Task 3 studies, the investigation of the quaternary was not
carried further in Phase 1,

Task 6. Characterization of Materials and Photovoltaic Devices

Descriptions of the activities of this task are included in the other task
discussions.

Task 7. Development of AR Coating Technology

There was no experimental development of specific AR coatings for the various
SMBSC's investigated during Phase 1. Although multilayer AR coating designs were
developed in the Task 1 modeling and analysis studies, the preparation of appropriate
coatings was postponed until Phase 2 of the program.
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